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ABSTRACT

Keywords: Energy resources, redox flow batteries, anion exchange membranes,
cyclic voltammetry, galvanostatic charge-discharge, efficiency.

Due to the rapid exploitation of nonrenewable energy sources, increasing
attention has been given to the development of efficient, environmentally friendly,
and economically viable energy conversion and storage systems. For grid-scale
energy storage applications, flow batteries have been studied because their capacity

and power delivery rate may be independently scaled.

Chapter 1 gives the details of current energy resources, classification of energy
sources, the necessity of energy storage devices, batteries and their classifications,
introduction and classification of flow batteries, electrochemistry, advantages and
disadvantages of flow batteries, theory of electrode reaction and limitations of redox

flow batteries.

Chapter 2 deals with various experimental techniques such as cyclic
voltammetry, charge-discharge, electrochemical impedance spectroscopy and SEM
techniques used for the characterization of the redox flow batteries developed in the
present work.

Chapter 3 describes the development of a dendrite-free zinc-iron redox flow
battery. Here a zinc-iron (Zn-Fe) RFB employing Zn/Zn(II) and Fe(III)/Fe(Il) redox
couples as negative and positive redox systems separated by a self-made anion
exchange membrane is reported. The preparation of the anion exchange membrane
and its properties are well discussed in this chapter. A key advancement in the present

Zn-Fe hybrid redox flow battery is that there were no dendrite growth on zinc



electrodes during battery charging, which was the serious drawback of many early
reported zinc-based redox flow batteries. The cell efficiencies, calculated from the
charge-discharge curves and the repeated cycles, show no degradation in performance,
confirming the excellent stability of the system.

Chapter 4 of this thesis describes an all-iron redox flow battery containing
Fe/Fe(Il) and Fe(IlT)/Fe(Il) redox couples separated by the self-made anion exchange
membrane. The charge-discharge performance of the cell was evaluated at a constant
current density of 25 mA cm 2, We also studied the influence of adding 0.03 M ZnCl,
in the anode compartment on the electrode performance of the Fe/Fe(Il) redox couple.
The charge-discharge and cyclic voltammetry measurements showed an improvement
in the electrochemical performance of Fe/Fe(Il) redox couple after the addition of
Zn”" ions.

Chapter 5 of this thesis describes the development of a novel chloride-based
copper-cerium flow battery employing Cu/Cu(Il) and Ce(IV)/Ce(I1I) redox couples as
reactive materials, separated by the self-made anion exchange membrane. Repeated
galvanostatic charge-discharge measurements show that the system has a relatively
stable electrochemical performance. Low-cost active materials and high cell
performance makes the Cu-Ce flow battery a promising candidate for large-scale

energy storage applications.

Chapter 6 of this thesis presents the summary and conclusions of the major
findings of the studies described in previous chapters.

Chapter 7 of this thesis presents the recommendations for future studies.
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CHAPTER 1

Introduction

1.1 Introduction

Energy is a vital prerequisite for global economic progress and social change
in all countries [1,2]. We are consuming energy every day at home, at work and on
the road, hence energy plays a crucial role in our daily life [3]. Since the industrial
revolution, the fossil fuels, such as coal, petroleum, natural gas, etc., are burned to
produce energy and the easy availability of fossil fuels had a significant impact on the
development of many social structures. According to the US Energy Information
Administration, the global energy demand is expected to rise 47% in the next 30
years, due to population and economic growth, especially in developing Asian
countries. As the population and technologies are always expanding, the demand for
renewable, efficient and less expensive energy sources is essential for the economic

success of every nation [4].

1.2 Current energy sources

The energy resources are generally classified as nonrenewable and renewable.

Fig. 1 shows various energy sources and their classification.
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RENEWABLE ENERGY NON- RENEWABLE ENERGY

Fossil fuel oil

Fig. 1 Current energy sources.

1.2.1 Nonrenewable energy sources, advantages and limitations

Nonrenewable energy sources, such as crude oil, coal, natural gas and nuclear
energy, take a long time to regenerate and hence they are limited and expensive. They
will deplete in the near future, making them unsuitable for long-term use.
Consumption of nonrenewable energy sources has been shown to inflict more damage

on our environment than any other human activity over the last century [2,5].

1.2.1.1 Fossil fuels

Fuels such as coal, oil and natural gas are referred to as "fossil fuels”. Their
source (carbon and hydrogen) was discovered in the earth’s crust, hence the word
"fossil". Fossil fuels are the remains of animals and plants that lived millions of years
ago. Electricity generated by coal and crude oil combustion has resulted in high levels

of hazardous gases in the environment, including carbon dioxide, carbon monoxide,

Development of High Performance Redox Flow Batteries for Energy Storage 2
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sulphur dioxide, nitrogen monoxide and nitrogen dioxide. These hazardous gases
pollute the air, which has detrimental consequences for human health and plant
growth. Acid rain, which is mostly generated by sulphur dioxide and nitrogen oxide,
causes soil, aquatic life and forests to deteriorate. Coal mining has resulted in the
degradation of landscapes and habitats, as well as the barrenness of the terrain. Crops
cannot be cultivated in such places due to the negative side effects. Global warming is
mainly caused by carbon dioxide gas and the average temperature of the Earth's
climate is rising as a result of it [3,6,7]. Because of the progressive warming of the
Earth's surface, ice in the Arctic and Antarctica has constantly been melting, causing
sea levels to rise. This process can cause devastating floods and has a significant
impact on the environment. According to recent global carbon budgets, the
concentration of carbon dioxide in the atmosphere has risen over time as a result of
emerging economies and developing countries account for a bigger share of world

emissions [8—10].

1.2.1.2 Nuclear energy

Nuclear energy is a portion of atomic nucleus energy that can be released
through nuclear fission, fusion or radioactive decay. Nuclear reactors employ
controlled fission to generate heat and energy. Nuclear waste from nuclear power
plants produces thermal pollution, which can be harmful to the environment and
hence the disposal of nuclear waste is a big issue [11]. There is also the risk of
radioactivity being accidentally released. Natural disasters such as Tsunamis,
earthquakes and other natural calamities have an impact on the working of nuclear
reactors. For example, the Fukushima nuclear power plants disaster in 2011 and the

Chernobyl disaster in 1986. In Fukushima, the tsunami caused by a massive
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earthquake disrupted the power supply and cooling of three reactors in the plant,
resulting in a nuclear disaster. In the first three days, all three cores melted to a great
extent. As a precaution, 100,000 people were evacuated from their houses. The
nonrenewable energy sources will run out one day, posing a danger to environmental
balance and creating several ecological risks [12]. In this situation, industries must

rely on renewable energy sources as soon as possible.

1.2.2 Renewable energy sources, advantages and limitations

Renewable energy sources, such as solar energy, wind energy, hydropower
and biomass, are sources of energy that are abundant and almost endless. It is a
non-polluting, non-depleting source of energy [2,13] and a more environmentally
friendly alternative to traditional energy sources that rely on fossil fuels. India is lucky
to have a lot of sunlight, water and biomass. The advantages of renewable energy
sources are lower maintenance requirements, numerous environmental benefits and
can create jobs more in the future [5]. The main disadvantages are its intermittent
nature, limited storage capabilities and geographic limitations. Solar panels, wind
turbines and hydroelectric dams, all generate electricity that is influenced by the
weather, location and atmosphere [14]. The ministry of statistics and programme
implementation, Government of India published a source-wise estimated potential of

renewable power in India is shown in Fig. 2.
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Wind - 28% Small Hydro Power (44%)

Biomass Power (39%)

Solar -68%

Cogeneration Bagasse (11%)

- Waste to Energy (6%)

Fig. 2 A source-wise estimated potential of renewable power in India.

1.2.2.1 Solar energy

Solar energy is the energy from the sun, resulting from nuclear fusion at its
core. The reaction releases energy that travels outward to the surface of the Sun.
Along the way, to the surface, the energy transforms so that by the time it is released
primarily as light. Solar energy is harnessed by catching the radiant energy of sunlight
and converting it to heat and electricity. Solar energy may be used in a variety of
ways in our daily lives, such as to generate power, cook meals and heat water. It has
various benefits and the most significant advantage is that it is an infinite source of
energy that can help to reduce the use of nonrenewable energy resources. It is also
beneficial to the environment because no toxic gases are discharged into the
atmosphere when it is utilized. If a small portion of solar energy is harnessed, we can

meet the world's all energy needs [15].
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1.2.2.2 Wind energy

Wind energy refers to the process of converting wind energy into electrical
energy using wind turbines or other wind energy conversion devices. The uneven
heating of the earth's surface by the sun produces wind and the kinetic energy created
by airflow is used to generate electricity. When compared to coal, natural gas and
fossil fuels, wind power is a cost-effective, clean and ecologically beneficial source of
electricity. Wind energy can be found in a wide range of locations. The availability of
sites with sufficient wind (at least 20 kilometers per hour) and the number of wind
machines that the site can accommodate limit the widespread development of wind

power [7,16].

1.2.2.3 Biomass Energy

Crops, waste wood and trees are examples of biomass, which is an organic
material derived from plants and animals [17]. The chemical energy in biomass is
transformed into heat, which can then be used to generate electricity via a steam
turbine. Biomass is frequently referred to as a cleaner and greener renewable fuel that

may be used to generate power instead of coal and other fossil fuels [18].

1.2.2.4 Geothermal Energy

The thermal energy created and stored in the Earth's crust is known as
geothermal energy. This thermal energy comes from two sources: heat produced by
gravitational collapse during the formation of the world and heat produced by the
radioactive decay of certain isotopes. Geothermal energy is a low-cost, sustainable,
long-term and environmentally beneficial source of energy. It is only found at the

tectonic plate boundaries. Geothermal energy is renewable because of the reason that

Development of High Performance Redox Flow Batteries for Energy Storage 6



Chapter 1 Introduction

Earth has retained a huge amount of the heat energy released during the formation of
the planet. Furthermore, the decay of radioactive materials inside the Earth provides
heat constantly. The total amount of heat lost through natural processes (such as
volcanic movement and conduction/radiation to the environment) is far more than the

total amount of heat lost by geothermal vitality generation [19-22].

1.2.2.5 Hydropower

The conversion of energy from falling or fast-moving water into electricity is
known as hydropower or hydroelectricity. Water must be in motion to generate
electricity and the kinetic energy of the flowing water is transferred to mechanical
energy by turning blades in a turbine. The turbine subsequently spins the generator

rotor, which converts mechanical energy into electrical energy [23,24].

1.3 The necessity of energy storage

In the future, renewable energy will play a bigger role as an energy source.
The main disadvantage of wind and solar energy is that they are intermittent. As the
amount of renewable energy produced grows, more energy storage systems will be
required to compensate for the fluctuating power generated by wind and solar panels.
This stored energy can then be released as needed, maintaining a continuous supply of
clean energy at times of peak demand. Scalability, extended life-cycle cost, high
efficiency and quick response time are the four primary characteristics of an effective
energy storage system. Conventional rechargeable batteries offer a simple and

efficient way to store electricity from renewable energy sources [24-29].
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1.4 Battery as energy storage device

Batteries store chemical energy and generate electricity through an
electrochemical redox reaction. The working of galvanic, fuel and flow cells are all
based on redox reactions. A negative electrode, positive electrode, electrolyte (which
conducts ions) and separator make a cell. Electrolytes provide the medium for the
transfer of charges, which are in the form of ions, between the electrodes. The
separator is a type of polymeric membrane that is placed between the anode and the
cathode to prevent electrical short-circuiting. During charging of a cell, the electrode
at which the oxidation occurs is called the anode and it has a positive voltage, while
the electrode at which the reduction occurs is the cathode and has a negative voltage.
While in discharging, the anode has a negative charge and the cathode a positive

charge [30].
1.5 Types of batteries
Batteries are classified into two categories: primary and secondary batteries

based on their capability of being electrically recharged. Fig. 3 represents the

classification of various types of batteries.

Development of High Performance Redox Flow Batteries for Energy Storage 8



Chapter 1 Introduction

?
£ -

Fig. 3 Types of batteries [31].

1.5.1 Primary batteries

The chemical energy in primary batteries is transformed into electrical energy
in a one-way process. It only transforms the chemicals into electricity once and then
has to be thrown away after usage [32,33]. The primary batteries are used in remote
controls, flashlights, clocks, transistor radios, etc. Leclanche cell, zinc-silver oxide,
zinc-mercuric oxide and zinc-air are some examples and Table 1 explains the anode,

cathode, electrolyte and cell reactions of these batteries [34].
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Table 1 Examples of primary battery.

Introduction

Battery Anode Cathode Electrolyte Reaction | Voltage
(material (material & Mechanism (V)
& reaction)
reaction)
Zn-carbon Zn MnO, Ammonium | Zn+
(Leclanche Zn(s)— | 2MnOa(s) + chloride apd 2anz + 1.5
cell) 2+ - + - | zinc chloride | 2NH4 —
Zn""+2e | 2NH4 (aq) + 2e ) ) P
dissolvedin | Zn™" +
- M1’1203(S) +
water Mn,O5 +
2NHjs(aq) +
2H,0 2NH; +
2H,0
Mercury Zn (Hg) HgO KOH/NaOH | Zn + HgO
Zn (Hg)+ | HgO + H,0 + o Zno + L3
20H — |2e —Hg+ &
ZnO + 20H
H,O +2¢
Zinc/Silver /n Ag,0 KOH/NaOH | Zn + Ag,O 1.6
oxide 70+ A0 + Hy0 + Z—I;ZnO +
20H — 2e —2Ag+ g
Zn0O + 20H
H,O +2e¢

1.5.2 Secondary batteries

A secondary battery converts chemical energy into electrical energy and can

be recharged by passing a suitable current through the circuit in opposite direction. As

a result, it is referred to as a storage or rechargeable battery because it can be

recharged several times. Lead-acid, lithium-ion, Ni-Cd and Ni-MH batteries are all

examples of secondary batteries [35,36]. Lead-acid battery is the oldest rechargeable

battery with a life span of only 3 to 5 years. Lead and cadmium are very hazardous

metals that can harm the environment if they are not properly disposed of after usage.

Many applications that were previously served by lead and nickel-based batteries are
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now being replaced by Li-ion batteries. The Li-ion battery requires a protection circuit

for safety reasons and it costs more than other rechargeable batteries. Table 2 shows

the anode, cathode, electrolyte and cell reactions of some of the secondary

batteries [27].

Table 2 Examples of the secondary battery.

Battery Anode Cathode Electrolyte | Reaction | Voltage
(material & (material & Mechanism V)
reaction) reaction)

Lead- Pb PbO, H,SO4 Pb + PbO, + 2.1

id 2H,SO
| Pb+ HyS0, 2 | PbO,+ HaSO4+ S PESOL -
PbSO4+ 2H' + | 2H +2¢ 2 Sho
2 PbSO,4+ 2H,0 :

Ni-Cd Cd Ni oxide KOH Cd+ 1.35
Cd+20H = | 2NiOOH + 2H,0 ggl(())o_{{ "
Cd(OH),+2¢™ | +2¢” = 2Ni(OH), e

L 20H 2Ni(OH); +
Cd(OH),
Ni-MH MH Ni oxide KOH MH + 1.2
B ) NiOOH =
MH+OH = | NiOOH + H,0 + M +
M+HO+e |e = Ni(OH),+ NI(OH)Z
OH
Lithium | Graphite/Carb | LiCoO,/LiMn,04 Lithium LiCe + 3.8
-ion on material salts in Co0O; =
LiCs = Cg+ | CoOy+ Li'+e organic | LiCoO, +
Lif+e = LiCoO; solvents | Cg
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1.6 Redox flow batteries (RFBs)

Redox flow batteries (RFBs) are one of the most modern electrochemical
systems and a highly promising solution for stationary energy storage
applications [37]. RFBs are ideal electrical energy storage systems for the usage of
renewable energy sources because of their high energy efficiency, low self-discharge,
long discharge ability and cycle life. The decoupling of energy capacity and power
density, which is not possible with other existing conventional systems, is a unique
advantage of RFBs. In 1884, a French physicist named Charles Renard invented the
first flow battery [38]. The reactive ingredients in the battery include zinc and
chlorine and it was used to power an electric motor that drove the propeller of a
warship. In the 1970s, NASA developed a flow battery based on the chemical reaction
between iron and chromium as a new approach to store solar energy [39,40]. Different
researchers and commercial organizations produced other flow batteries, such as the
zinc-bromine redox flow battery [41] and the polysulfide-bromine flow battery [42],
although their early development was hindered by numerous restrictions. These flow
batteries contain hazardous chemicals and operate at high temperature and pressure.
Since a variety of electrolytes were used in the negative and positive half-cells, a
membrane failure or a small amount of molecular transfer through the membrane
creates the cross-contamination of electrolytes in both half-cells after a few charge
and discharge cycles [38]. These limitations prevented the widespread acceptance and
commercial feasibility of redox flow batteries.

The conventional application of redox flow battery is load-leveling, which
consists of storing energy during off-peak hours from a power plant and reliable it
when the demand rights and this technology is often used with other renewable

energy sources, such as photovoltaic cells and wind turbines [43]. Due to the rapid
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progress of energy production from renewable energy increases, the development of
more efficient, reliable and safer redox flow batteries are receiving more attention.
Compared to other electrochemical energy storage systems, such as conventional
batteries, redox flow batteries can store energy in the form of reduced and oxidized
electroactive species in electrolyte, while conventional batteries store energy within
the solid electrode materials. The electrolytes of the redox flow cell are stored
externally and are consumed during the electrochemical reaction to release energy,
while a H,-O, fuel cell produces electricity using the chemical energy of hydrogen
and oxygen [44,45]. The capacity of the redox flow battery can be increased by
simply increasing the volume of electrolyte reservoirs [46], whereas the battery power
depends on the number of electrochemical cells [27]. Redox flow batteries are mostly
used in stationary applications for peak load and load balancing, as well as for
uninterruptible power supply [47]. In comparison to batteries with a limited number
of cycles, redox flow batteries are particularly versatile in daily use due to their
limitless number of cycles throughout a lifespan of around 20 years. Table 3 shows

the general comparison between batteries, fuel cells and redox flow cells.
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Table 3 The comparison between battery, fuel cells and redox flow cells [48][43].

Energy Reactants/products Electrolytes Separator
storage
Device
Battery Active electrode Static and held Polymer
material within cell separator
(Microporous)
Fuel cell Anode (gaseous or | Solid polymer or Ion-exchange
liquid fuel) and ceramic material membrane
cathode (air) acts as a solid
electrolyte within
the cell
Redox flow Aqueous Electrolytes Ion-exchange
Battery electrolytes recirculate membrane
in tanks through the cell or not necessary

1.7 Principle and characteristics of redox flow batteries

In redox flow batteries (RFBs), the electrolytes containing the active redox
species are stored in external tanks and are circulated through bipolar stacks during
charge and discharge [49]. The bipolar stack consists of several stack cells, each with
a frame, a bipolar plate and a membrane. The power output depends on the number
and size of the stack cells and the size of the tanks determine the capacity of a redox
flow battery.

The following are the characteristics of redox flow batteries [50]:
e The basic principle of the battery reaction is the change in the valence of the

metal ions in the electrolyte, resulting in a long charge/discharge cycle life.
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e The cells and tanks are independent of each other and can be configured for
application requirements.

e Individual cells are fed with the same electrolyte, making maintenance
simple.

e Except in the cell portion, the electrolyte is held separately in the positive and
negative tanks, preventing self-discharge during standby and stopping.

e The electrolytes are environmentally friendly and may be used permanently

and can reuse.

1.8 Structure of a redox flow battery

Flow batteries are also known as redox flow batteries (RFBs) because, like
conventional batteries and fuel cells, they also convert chemical energy in the
electroactive materials stored in external tanks directly into electrical energy through
an electrochemical redox reaction. A flow-type cell and electrolyte tanks are essential
components of redox-flow batteries (one for the anolyte and another for the
catholyte). An ion-exchange membrane separates two parallel electrodes in the
electrochemical cell and all the electro-active components are dissolved in the liquid
electrolyte and kept in separate tanks [51,52]. When the electrolytes are pumped from
storage tanks to flow-through electrodes in a cell stack, electrochemical energy
conversion occurs. The ion-exchange membrane prevents electro-active species from
mixing or crossing over, which can lead to battery short-circuiting, while allowing
charge-carrying ions to be transported to maintain electrical neutrality [53,54]. The
electrodes have no active components and hence do not participate in the redox

process. The cathode is the negative electrode during charging, while the anode is the

Development of High Performance Redox Flow Batteries for Energy Storage 15



Chapter 1 Introduction

positive electrode. It is reversed during discharge. Fig. 4 shows a schematic

illustration of a redox flow battery.

Membrane

\ 4

Electrolyte ®

Pump

Pump

Power source/load

Fig. 4 Schematic of a redox flow battery.

1.9 Advantages and disadvantages of redox flow batteries

The following are the key advantages of redox flow batteries [35,38,48] :
e Long cycle life (~20 years)
e  Quick response time
e Power and energy requirements are separated
e Deep charge and discharge cycles are possible without reducing cycle life
o Self-discharge lasts only a few minutes
e Operational flexibility and a quicker response to price changes

e Electricity stored in batteries can be used to fulfill unexpected demands
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e The ability to buy or supply electricity at any time of day, whether it is peak or
off-peak

e Excellent charging efficiency (70-90%)

e Operational flexibility

e The electrolytes are non-flammable and non-explosive

The following are the disadvantages of redox flow batteries [35,38,48]:

e Flow batteries are more complicated than standard batteries because they may
require pumps, sensors, control units and secondary containment vessels

e Energy densities vary significantly but are low when compared to other
battery systems

e Electrolytes and cell construction are major cost drivers

e Maintenance is difficult because the corrosive and toxic electrolyte needs
thermal management, electrolyte management and careful storage and
transportation

e FElectrolyte crossover through the membrane

e Flow batteries are a relatively new technology

1.10 Design and components of redox flow batteries

The cell stack, external tanks and circulating pipes are the three primary
components of a conventional RFB arrangement. Fig. 5 depicts a typical unit cell of a
flow battery stack, which is made up of a positive and negative electrode separated by
an ion-exchange membrane or separator. When the electrolytes are pumped through

the electrodes, the chemical reactions take place in the cell stack. The oxidized and
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reduced redox pairs on the electrode are recycled to external tanks, while charge

balancing ions are transferred across the membrane.

Current collector Separator Current collector

T T T

Flow outlet

Flow outlet

Flow inlet

Flow inlet =

Tefl ket
Teflon gasket RO AR

Graphite sheet, 16 cm?

Fig. 5 Unit cell of a flow battery.

1.10.1 Electrode materials

In highly oxidizing conditions, a suitable electrode material should have high
electrical conductivity, superior mechanical qualities and good chemical resistance, be
economical and have a long cycle life. Carbon-based or inert metallic materials are
commonly used as electrodes in redox flow batteries because they do not dissolve or
produce oxide during chemical oxidation. In most metallic electrodes, metal ions can
dissolve into the electrolyte due to corrosion causing a shift in redox potentials and
disrupting the chemistry of redox flow batteries. Even though the precious metals like
platinum and gold have great chemical stability and electrical conductivity, their high

cost makes them unsuitable as electrodes for RFBs. Carbon felt, graphite felt and
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porous graphite are some of the most commonly used carbon-based

electrodes [43,55].

1.10.2 Electrolytes

Redox flow batteries performance is mainly influenced by redox electrolytes.
High energy density can be achieved by redox-active species with high solubility and
operating voltage [56]. One disadvantage of the redox flow battery system is the
cross-contamination of active electrolytes by transport through the membrane. As a
result, reactive species should be selected to minimize the impact of electrolyte
cross-contamination. The selection of electrolytes is based on the following

properties, which are generally desirable for the working of redox flow batteries [57]:

* High solubility of the electrolyte
* Fast kinetics at the electrode-electrolyte interface
* A relatively large open circuit potential

« Reasonable cost

1.10.3 Membranes as separators in RFBs

The membrane is a key component that determines the flow battery
performance for practical applications. An ion-exchange membrane (IEM) prevents
cross mixing of positive and negative electrolytes and transfers ions from the anode to
the cathode to complete the circuit [43,48,53]. IEMs are classified into cation
exchange membranes (CEMs) and anion exchange membranes (AEMs) based on the
type of ionic functional groups attached to the membrane matrix. Anion exchange
membranes contain positive functional groups such as quaternary ammonium groups

which facilitate the passage of anions. Conversely, cation exchange membranes
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contain negatively charged groups such as sulfonic acid anions, which facilitate the
passage of cations [58]. The most commonly used membranes for redox flow batteries
are Nafion, Daramic, Celgard or perfluorinated IEMs [59]. In recent years, much
effort has been made to develop efficient AEMs for energy storage applications. A
successful commercial AEM must have high anion conductivity, excellent chemical
stability, improved mechanical strength and also be inexpensive. The ionic
conductivity of the membranes must be high enough to support the passage of a large
current through it. The conductivity can be improved by increasing the number of
cationic groups in the membrane; however, it may cause a loss in mechanical
properties by promoting excessive water uptake. Therefore, optimization of the
membrane composition is necessary to improve the mechanical properties [60].
Hence, an ideal membrane should possess the following characteristics [58,59]:

a) High ionic conductivity:

AEMs conduct anions, such as OH and Cl, as they contain positively charged
quaternary ammonium groups bound covalently to a polymer backbone. The
membrane needs to assist the transport of ions carrying the charge to complete the
current circuit while minimizing resistance and power loss.

b) High ion selectivity:

The membrane should be selective to the ions to provide high ionic conductivity
while minimizing the permeation of active species through it, which reduces capacity
and increases energy losses.

c) Chemical Stability:

The membrane should be highly stable for long-term battery cycling. It should

not degrade or lose mechanical strength or produce impurities, which can affect the

overall performance of the battery.
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d) Mechanical stability:
The membrane has to tolerate harsh operational conditions and needs to retain

shape after the charge/discharge cycles [58,59].

1.11 Thermodynamics

In a cell, the reduction reaction at the electrode can be represented as

aA+ne =cC ... (1.1)
Where, ‘a’ molecules of A take up ‘n’ electrons to form ‘c’ molecules of C.

At the other electrode, the oxidation reaction can be represented as

The overall reaction can be represented as
aA+bB = cC+dD  ............. (1.3)
The reaction quotient Q for the above reaction can be written as

cpd  [Red]

Q= =— . (1.4)

~ A2Bb  [0x]

The standard free energy AG', is related to cell potential E° by the equation,
AG=—1FE ) oovvvnn. (1.5)

Where, ‘n’ is the number of moles of electrons transferred in the reaction and ‘F’ is

the Faraday constant (96,487 C/mol).

The change in the standard free energy AG® of a cell reaction is the driving

force that enables a battery to deliver electric energy to an external circuit. For a
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spontaneous cell reaction, the AG should be a negative value. The equation (1.5)

indicates that E’.; should be positive to get a negative AG” value [33].
1.11.1 Nernst equation

When conditions are other than in the standard state, the voltage E of a cell is

given by the Nernst equation [33].

We have learnt that, AG=AG’+RTInQ ... (1.6)

Where, R is gas constant and T is absolute temperature.

The Gibbs free energy can be related to the cell emf as follows
AG = —nFE and AG’= —nFE° .....(1.7)

Substitute the values of AG, AG®and Q in (1.6), we get

—nFE = —nFE’% + RT In z:gi ...... (1.8)
“NFEqen = —nFE° + RT In [;e)g] ...... (1.9)
Divide the above equation by (—nF)
E=Eo—gln% ......... (1.10)
pop_ 2059, [Redl (1.11)

n 2% [0x]

1.11.2 Calculation of AG, AH and AS of cell reactions [61]
0] Free energy change (AG)

The free energy change is given by

AG = —l’lFEceu ............. (1 . 12)
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(i) Enthalpy change (AH)
According to the Gibbs-Helrnholtz equation, decrease in free energy, AG,

of the cell reaction at constant pressure, is
0AG
AG=AH+T (—)p -.--... (1.13)
aT
Substituting the equation (1.12) here,

0E
nFE = —AH +nFT (2 )p oo (1.14)

AH = nF[ T(Z—? ) — El.......(1.15)

(ili)  Entropy change (AS)
The entropy change is related to enthalpy change and free energy change
by the thermodynamic expression,

AG=AH —-TAS ....... (1.16)

1.12 Theory of redox reactions at the electrodes

To study a particular reaction, an electrochemical cell usually consists of three
electrodes: working electrode, counter (auxiliary) electrode and reference electrode.
The working electrode is the electrode on which the chemical reaction of interest is
occurring, while the counter electrode is used to close the circuit with the electrolyte
and the reference electrode is used to accurately measure the potential of the working
electrode without passing a current through it. The cell voltage of an electrochemical
reaction is the potential across the working and counter electrodes. A typical

electron-transfer reaction in an aqueous solution can be represented as:

Ox+e = Red ... (1.18)
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Where, ‘Ox’ and ‘Red’ are the oxidized and reduced species respectively. Fig. 6
shows the general pathway of an electrode reaction that involves several
stages [55,62], (1) mass transport (from the bulk to the electrode surface), (2) surface
adsorption of reactant, (3) electron transfer at the electrode surface, (4) surface
desorption and (5) the removal of product. An electrochemical reaction occurs by the
transfer of charge across the interface between an electrode and an electrolyte.
Generally, the electron transfer reaction requires the reactant species to be found
within the molecular distances of the electrode surface. In addition to a
charge-transfer, the overall reaction rates can be limited by the rates of reactant supply
to the electrode surface and the removal of the product from that surface. This is
known as a mass-transport process, which primarily comprises diffusion and
convection processes. The diffusion process dominates within the Nernst’s diffusion
layer and an effective method to enhance the transport of material towards the

electrode is forced convection, such as stirring or mechanical agitation [55].

Electrode Electrode surface region Bulk solution
|
Chemical :
Adsorption reactions I
Ox(ads) —> o > Oxfsurf) | Ox (bulk)
.. - *---ooo-
) |
1 Desorption |
|
|
|
<, |
| Mass
e e— |
e : transfer
|
|
Chemical :
v Desorption reactions | ==ee-- +>
Red (bulk)
—_— Red (surf) |
Red(ads) «—— — Red —* | €
Adsorption |

Fig. 6 Redox reactions at the electrodes [55,62].
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1.13 Polarization losses in batteries

Polarization is a phenomenon that reduces battery performance. Fig. 7 shows a
typical polarization curve that indicates losses in a battery setup. Due to irreversible
losses in the system caused by current flow, the potential of a cell decreases from its
open-circuit value. These losses result in a drop in voltage and a reduction in power

density. The total cell voltage can be calculated as follows:

Total cell voltage = Open circuit voltage — Losses

Three main reasons for the drop in power density and cell performance are:

Activation, ohmic, and concentration polarization [63].

1.13.1 Activation polarization

At lower current densities, activation polarization is the main cause of cell
internal loss [37]. Activation polarization is a result of sluggish charge transfer
reactions at the electrode and electrolyte interface and is directly influenced by the
rate of electrochemical reactions [64]. It can be reduced or eliminated with the use

of electrocatalysts.

1.13.2 Ohmic polarization

The ohmic resistance of a cell is due to the resistance of the electrolyte
(electrolyte solution and the separator), electrodes and the contact resistance between

cell components [64,65].

1.13.3 Concentration polarization

This arises due to the difference in concentration of the reactants and products

at the surface of electrodes and in the bulk as a result of mass transfer [33]. When
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mass transport of reactants limits the current density of a cell, concentration

polarization dominates [64].

....................................................... -
ocv
Activation Losses <
@
-1}
-]
B — 2 .
S
% Ohmic Losses
U ......................................................

Mass Transfer Losses

Current Density

Fig. 7 Potential losses in a battery [33,37,64].

1.14 Types of redox flow batteries

Redox flow batteries can be divided into two categories: True/classical and
hybrid redox flow batteries [66]. The positive and negative half cells of these flow
cells have the same design but use different electrolytes. Fig. 8 shows the

classification of RFBs and their examples.
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Fig. 8 Classification of RFBs.

1.14.1 True/classical redox flow batteries

In a true/classical redox flow battery, the reactive species in both the reacted
and non reacted state were soluble in the electrolyte solution. In these batteries, the
electrode serves only as a surface for which the electrochemical reaction takes place,

and hence there is no electrodeposition or plating upon the electrode surface [66].

1.14.1.1 Iron-Chromium redox flow battery (ICRFB)

The Fe-Cr flow battery was invented by Thaller, which was later modified by
NASA in the 1980s. The Fe*"/Fe’” and Cr*"/Cr’" redox couples in hydrochloric acid
are the positive and negative electrolytes, respectively [27]. Fig. 9 illustrates a

schematic diagram of the cell.
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Membrane

| Power source/load

Fig. 9 Schematic of an iron-chromium redox flow battery.
The electrochemical reactions during the charge-discharge process are as follows:
During discharge,
At negative electrode: Cr*" = Cr'+e E’=-0424V ....(1.19)
At positive electrode: Fe* + ¢ = Fe*' E’=0.77V ... (1.20)
The overall reaction: Cr*" + Fe’™ = Cr''+Fe*™ E’=12V ....(1.21)

During discharging, Cr*" is oxidized to Cr’" at the negative electrode,
while Fe** is reduced to Fe’" at the positive electrode. The process is reversed during
the charge. The iron-chromium redox flow battery offers a standard cell voltage of 1.2
V. The battery uses a proton or anion exchange membrane and the electrode material
is usually carbon fiber, carbon felt or graphite. Only protons and chloride anions pass

through the ion-selective membrane and the battery exhibits an efficiency of 95%.
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The Fe**/Fe** redox couple has good reversibility and fast kinetics, but the Cr’*/ Cr*"
redox couple has sluggish kinetics, which necessitates the creation of redox catalysts
and an elevated operating temperature, both of which add to the cost. Meanwhile, the
Cr’*/Cr*" couple has a low redox potential that might lead to H, evolution and hence

may reduce coulombic efficiency and cycle life [43,53,67-69].

1.14.1.2 Polysulfide-Bromine redox flow battery (PBB)

Remick was the first to report about the polysulfide-bromine battery [42] in
which the positive electrolyte is sodium bromide and the negative electrolyte is
sodium polysulfide. A perfluorinated sulfonic membrane such as DuPont’s Nafion is
often used in PBBs. Na,S, is changed to Na,S4 at the negative electrode and Brj is
transformed to 3Br at the positive electrode during the discharge process, and excess
Na' ions at the anode move through the membrane to the cathode side to maintain

electrical neutrality [70]. The charge and discharge reactions are as follows [26]:

During discharge,
At negative electrode: 25, = Sg& +2¢ E°=-0265V .....(1.22)
At positive electrode: Br; +2¢ = 3Br E°=1.087V ....(1.23)

The overall reaction: 2S,> +Br; = S +3Br E’°=135V ....(1.24)

Polysulfide-bromine redox flow batteries have a standard cell voltage of
1.35 V. Although this technique is safe for the environment, there is concern that if
there is an accident, hazardous bromine vapor may be released [42,43]. Fig. 10 shows

a schematic diagram of the cell.
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Fig. 10 Schematic of a polysulfide-bromine redox flow battery.

1.14.1.3 All-Vanadium redox flow battery (VRB)

Skyllas-Kazacos and colleagues at the University of New South Wales in
Australia invented the vanadium redox flow battery (VRB) in the 1980s. Vanadium
has four valence states in VRFB and this fact is used to create a battery with only one
electroactive element instead of two. It uses two vanadium redox couples, V*/V**
and VO*'/VO," as negative and positive electrolytes in H,SO4 solution [71,72]. The
use of the same element avoids any cross-contamination, allowing the electrolyte life
to be extended indefinite. During discharge, oxidation of V> to V>* occurs at the
negative electrode and the reduction of V°* to V*" occurs at the positive electrode.

The following are the charge and discharge reactions in the VRFB [67,68]:
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During discharging,
At positive electrode: VO, +2H +¢” @ VO* ' +H,0 E°=1.0V ....(1.25)
At negative electrode: V¥ 2 Vi+e E'=-0255V .....(1.26)

The overall reaction: VO," + V" = VO™ +V**  E’=126V ....(1.27)

Fig. 11 Schematic representation of all-vanadium redox flow battery [73].

VRFB flow batteries have a cell voltage of 1.26 V, making them ideal for
large stationary storage applications. Fig. 11 is a schematic illustration of the cell.
VREFB is divided into two half-cells by an ion-permeable membrane. Electrochemical
reactions occur on inert electrodes such as carbon felt or graphite sheets in the
half-cells, from which the current is collected. According to Skyllas-Kazacos and
colleagues, commercially available membranes break down in the highly oxidizing
V>* electrolyte and are unable to give a long cycle life. Only a few membranes were
discovered to be chemically stable in the V" solution, such as the New Selemion
anion exchange membrane and the Nafion cation exchange membrane. The strong

oxidation activity of V°* limits the positive electrode material to graphite or carbon
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felt. The general acceptance of these batteries has also been hindered by the high cost
of membranes, the toxicity of soluble vanadium, the strong corrosive strength of
VO*/VO," and poor V" solubility. However, the VRFBs have made great progress

in recent years due to the advancements in electrode and membrane materials [39,43].

1.14.2 Hybrid flow battery

A hybrid-flow battery (HFB) is a type of flow battery in which one or more
electro-active components are deposited as a solid layer during the charging process.
The electrode surface area limits the amount of energy that can be stored in this type
of battery [74]. During charging, the active material is electroplated on an electrode
and then dissolves back into the electrolyte during successive discharges [75].
Zinc-bromine, zinc-cerium, zinc-iron, zinc-iodine, soluble lead-acid and all-iron are
examples of hybrid flow batteries. Zinc is widely used as a negative electrode in many
hybrid redox flow batteries because of its significant negative electrode potential in

both acidic (—0.76 V vs. SHE) and alkaline (—1.22 V vs. SHE) conditions [43].

1.14.2.1 Zinc-Bromine redox flow battery (ZBB)

The ZBB was developed by Exxon and Gould in the early 1970s. The zinc
bromide salt dissolved in water is used as the electrolyte. Zinc is electroplated on the
negative electrode during the charging process, while bromine is created on the
positive electrode and forms a bromine complex that sinks to the bottom of the
positive electrolyte tank. At the negative electrode, zinc deposits are dissolved to
create zinc ions, while bromide ions are formed at the positive electrode during the
discharge process. Fig. 12 shows a schematic diagram of the battery. As indicated in

figure, a third pump is necessary to circulate the bromine complex [38,76,77]. The
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overall efficiency of the zinc-bromine battery is between 60% and 75%. Dendrite
production, hydrogen evolution reaction and battery safety are the three key issues
with zinc-bromine batteries [67]. The following are the charge and discharge

reactions [68]. During discharging,

At negative electrode: Zn = Zn* +2¢"  E’=-0.76V ....... (1.28)

At positive electrode: Br, +2¢” = 2Br~ E'=1.09V ....... (1.29)

The overall cell reaction: Zn+Br, = Zn*"+2Br~ E’=185V ... (1.30)
Membrane

Heavy Br;

complex

— GG —

Fig. 12 Schematic diagram of zinc-bromine flow battery.

1.14.2.2 Zinc-Cerium redox flow battery (ZCRFB)

Plurion [37,50] developed the first zinc-cerium system. The materials of zinc
and cerium are good for energy storage because of their high standard reduction

potentials. Platinum or titanium is used as the electrodes separated by a proton
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exchange membrane and Zn(II) and Ce(Ill) methanesulfonate solutions as the

electrolytes. The reaction of discharging is [78]:

At negative electrode: Zn = Zn*"+2¢"  E’=-0.76 Vvs.SHE ....(1.31)
At positive electrode: 2Ce*" + 2¢” = 2Ce®*  E” = between 1.28 and 1.72 V vs. SHE
depending on the supporting electrolyte ...... (1.32)

The overall cell reaction: Zn +2Ce*" 2 Zn®'+2Ce>* E°=~25V ... (1.33)

Compared to other redox systems, the cell voltage of the Zn-Ce system is
approximately 2.5 V [79] during the charge cycle and falls below 2 V during the
discharge cycle. The total efficiency of the battery ranges between 75% and
90% [48,80]. The high cost of Pt/Ti electrodes and electrolyte cross-mixing are the
main drawbacks of the Zn-Ce RFB [76]. Fig. 13 shows the schematic representation

of a Zn-Ce RFB.

Cation exchange membrane

Electrode Electrode

— &= —

Fig. 13 Schematic representation of a zinc-cerium redox flow battery.
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1.14.2.3 Soluble lead redox flow battery (SLRFB)

SLRFB differs from ordinary lead-acid batteries as it uses a highly soluble
Pb(Il) ions in methanesulfonic acid solution for both negative and positive
half-cells [81]. There is no need for a separator or membrane because it uses a single
electrolyte and includes the deposition of solid Pb and PbO, at the negative and
positive electrodes during charging. This lowers the cost of the batteries and
simplifies their design. During discharging cycles, the deposited Pb and PbO, are
converted to soluble species. The following are the charge and discharge

reactions [67,82]:

During discharging,

At negative electrode: Pb = Pb* +2¢ E'=-0.13V ....(1.34)

At positive electrode: PbO, + 4H +2¢ = Pb* + 2H,0 E'=149V ... (1.35)
Overall cell reaction: Pb + PbO, + 4H™ = 2Pb* +2H,0 E’=1.62V ....(1.36)

If metal develops across the inter-electrode gap and short circuits the battery,
it may reduce the overall performance of the battery. Hydrogen evolution is detected
throughout the charge cycle at a high state-of-charge, as in the case with traditional
lead-acid batteries, it lowers the storage capacity [39]. Fig. 14 shows the schematic

representation of a soluble lead RFB.
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Carbon electrode Carbon electrode

PbO, deposit Pb(ll) in

Methane sulfonic acid

Pb deposit

Fig. 14 Schematic representation of a soluble lead redox flow battery.

1.14.2.4 Zinc-1ron redox flow battery

Scientists at Lockheed Missiles and Space Company (LMSC) introduced the
'zinc-ferricyanide' battery, an early zinc-iron hybrid flow battery based on alkaline
electrolytes [77]. ViZn Inc. is now marketing this technology for grid-scale
applications [76,83,84]. The zinc and iron are among the most abundant metals in the
earth’s crust and hence are cheap [85]. In alkaline electrolytes,
ferricyanide/ferrocyanide redox couple is known to be extremely reversible. The
chloride-based zinc-iron systems have recently been introduced in addition to alkaline

systems. The half-cell electrode reactions during discharge are as follows [84]:

At negative electrode: Zn = Zn* +2¢  E'=-076V ... (1.37)
At positive electrode: 2Fe" +2¢ = 2Fe*" E’=+0.77V  ....... (1.38)
The overall reaction: Zn +2Fe’" = Zn* +2Fe*" E°=153V  ....(1.39)

Development of High Performance Redox Flow Batteries for Energy Storage 36



Chapter 1 Introduction

The Fe(Ill) ions at the positive electrode changed to Fe(Il) ions during the
discharging process; at negative electrode, the zinc deposit is dissolved to create zinc
ions. Fig. 15 shows the schematic of a zinc-iron redox flow battery. The formation of
zinc dendrites during the charging process reduces the efficiency, capacity and
lifetime of the cell. As a result, inhibiting the formation of zinc dendrites is essential

for the successful commercialization of zinc-iron RFBs.

porous
separator

Zn" Fet
FeCly FeCly
ZnCly Tnt Fe** FeCly
ZnCl,

Fig. 15 Schematic of a zinc-iron redox flow battery [84].

1.14.2.5 Zinc-lodine redox flow battery (ZIFB)

Zinc-iodine redox flow batteries (ZIFBs) have attracted interest as the
next-generation RFBs due to their outstanding energy density and use of less
oxidative chemistries to extend membrane durability. Fig. 16 shows a schematic
representation of the zinc-iodide system reported by Wang et al., in which the zinc
iodide solutions are pumped between two graphite felt electrodes separated by a
Nafion membrane. During discharge, the following reactions are takes place [86,87].

At negative electrode: Zn = Zn* +2¢ E’=—0.76 V ...... (1.40)
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At positive electrode: I3 +2e¢ = 31 E’=054V ...... (1.41)

The overall reaction: Zn+1; = Zn*" +3I  E’=13V .. (1.42)

Membrane/porous
separator

Fig. 16 Schematic of the zinc-iodide system [86].

During discharge, at the negative electrode, the zinc deposit undergoes
oxidation and forms zinc ions, while triiodide (Is ) is reduced to iodide (I ) at the
positive electrode. With the redox process in the below equations, the cell offers an
OCV of 1.3 V. The high energy density (167 WhL™") [76,88], use of weaker acids as
supporting electrolytes and use of environmentally benign components are all reasons
why ZIFBs are among the most viable candidates for future commercial RFBs.
However, expanding the battery capacity, voltage and cycle life to their full potential
is a difficult for ZIFBs. Modifying electrolyte design with complex-forming ions like
bromide [89,90] and altering the pH of the anolyte [88] are two techniques that
potentially overcome some of these issues. Wei Wang and co-workers claim that

ethanol was found to inhibit dendritic formation during the battery operation [76]. The

Development of High Performance Redox Flow Batteries for Energy Storage 38



Chapter 1 Introduction

development of electrolytes and membranes could open a new window to the

commercialization of ZIFBs.

1.14.2.6 All-Iron redox flow battery (all-Fe RFB)

Savinell and Hrushka introduced the all-Fe battery system in 1981. The
Fe(II)/Fe(Il) couple at the positive electrode and the Fe/Fe(Il) couple at the negative
electrode constitute the redox chemistry of the all-iron redox flow battery. Iron(III)
chloride is converted to iron(Il) chloride at the positive electrode during the battery
discharge. Metallic iron is dissolved as iron(Il) chloride in the electrolyte at the
negative electrode. During battery charging, these processes are reversed [91]. For
large-scale applications, an aqueous all-iron redox flow battery with a cell voltage of
1.21 V and theoretical specific energy of 170 Wh/ kg is one of the low cost, durable
and environmentally benign energy storage device. The electrochemical reactions are

shown below [92].

During discharge,

At negative electrode: Fe = Fe* +2¢” E'=-044V ... (1.43)
At positive electrode: 2Fe’" +2¢” = 2Fe*” E"=0.77V ... (1.44)
Overall reaction: 2Fe’" + Fe = 3Fe’" E° =121V ..o, (1.45)

The competitive hydrogen evolution reaction (HER) at the negative electrode
during the charging process is now the biggest barrier to the commercialization of
all-Fe RFB technology [93]. Due to changes in electrolyte composition, HER affects
the round-trip coulombic efficiency and causes capacity to diminish. The impact of
pH, electrolyte additives, secondary metal co-deposition, charging current density and
temperature on the performance of the battery was investigated in order to improve

the coulombic efficiency and the researchers believe that the all-iron redox flow
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battery based on iron chloride will continue to be an attractive pathway for large-scale
electrical energy storage in the future. Fig. 17 shows the schematic of the all-iron

redox flow battery.

N
b 4

Flow Frame

Ferrous Chloride
(FeCl,),

Ferrous Chloride Ferric Chloride

Storage (FeCl,) (FeCl,)

Storage

Iron Plating/Stripping

Activated Felt

Graphite Electrode

Bipolar Plate

N\ Z
? -t

Fig. 17 The schematic of all-iron redox flow battery [94].

1.15 Limitations of hybrid redox flow batteries

The Zn/Zn(II) redox pair has recently attracted a lot of attention as a negative
electrode in a number of RFBs for renewable energy storage. The use of this redox
couple has several advantages, including a negative standard electrode potential, the
high solubility of Zn(Il) ions, fast kinetics, low cost, abundance and recyclability of
zinc compounds [95]. However zinc-based systems are often less durable due to
issues with uneven metal deposition during battery charging, the so-called dendrite
deposits, which occur particularly under mass transport limited conditions due to
non-uniform concentration gradients. Dendrite deposit causes battery failure due to
dendrite penetration through the separator and cell short-circuit. Furthermore, zinc

dendrites can easily fall from anodes, reducing efficiency and capacity. Nucleation
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initiates the zinc deposition, which continues with growth. As demonstrated in
Fig. 18a, the energy barrier for zinc nucleation is significantly larger than for zinc
growth on the nucleus. As a result, zinc nucleation has a higher overpotential than

zinc growth on the nucleus (Fig. 18b) [96,97].
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Fig. 18 a) The energy barrier at the zinc nucleation process

b) The voltage profile during zinc deposition [96,98].

This suggests that zinc ions prefer to deposit on a zinc nucleus rather than
produce a new nucleus once it has formed. Since the small nuclei have high surface
energy, they tend to cluster into larger particles thermodynamically. As a result,
obtaining homogeneous zinc nuclei on the anode is extremely challenging [98].
Optimized operational regimes and the application of organic or inorganic electrolyte
additions can increase the uniformity of the deposited layer (levelers, brighteners,
etc.) [77]. As a result, preventing the formation of zinc dendrites is critical for the
continued development of zinc-based flow batteries. Fig. 19 shows the schematic

representation of nucleation and growth of zinc dendrites. Researchers have recently
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focused their efforts on modifying the electrolyte, anodes, electric field and zinc ion

transport to solve zinc dendrite development.
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Fig. 19 Schematic representation of the nucleation and growth mechanism of zinc

dendrites [96].

All-iron redox flow batteries are an attractive solution for large-scale energy
storage because of the low cost and environmental friendliness of iron-based
materials [99]. The parasitic evolution of hydrogen at the iron electrode during battery
charging is a fundamental barrier to achieving a continuously functioning battery.
Most crucially, the hydrogen evolution affects the repetitive cycling of the flow cell
by rapidly changing the electrolyte composition. The pH of the solution rises when
protons are changed to hydrogen and the concentration of hydroxide ions rises. The
imbalance of hydroxide ions on the positive and negative sides of the cell causes
hydroxide ions to diffuse from the positive to the negative side of the cell through the

anion exchange membrane. As a result of hydrogen evolution, the pH of both the
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negative and positive sides will continue to rise, eventually resulting in the formation
of iron hydroxides [91].

Another barrier to the widespread use of RFBs originates from the fact that
almost all RFBs depend on a single ion-exchange membrane (IEM). The crossover of
redox species is another problem caused by the imperfect selectivity of ion-exchange
membranes. The [EM also contributes to a major portion of the internal resistance. To
solve this problem, researchers are still doing a lot of efforts in developing a

membrane with improved selectivity and reduced internal resistance [100].

1.16 Objectives of the present work

The objectives of the present study are

1) To develop a zinc-iron redox flow battery with no zinc dendrite formation on
the zinc electrode during battery charging

2) To develop an all-iron redox flow battery with low parasitic hydrogen
evolution reaction and high efficiency

3) To demonstrate a novel chloride-based copper-cerium redox flow battery
containing Cu/Cu(II) and Ce(IV)/Ce(I1I) redox couples

4) To study the effectiveness of a self-made anion exchange membrane as

separator in the above three redox flow batteries.

1.17 Thesis structure

Development of redox flow batteries has been a subject of extensive research
in the last decade due to its potential applications in the field of energy conversion
and storage. Many works have been reported in the literature on the development of

various redox flow batteries. There are still several challenges to be overcome for the
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commercialization of RFBs. Here, the contents of this thesis are arranged in six

chapters and Fig. 20 depicts the general framework of the thesis.

>

Chapter 1 introduces the electrochemistry and performance of various energy
storage systems, such as redox flow batteries.

Chapter 2 describes the experimental methodologies and techniques used to
characterize the redox flow batteries developed in this study.

Chapter 3 describes a zinc-iron redox flow battery with no zinc dendrite
formation on the zinc electrode during battery charging. The Zn/Zn(Il) and
Fe(Ill)/Fe(Il) redox couples were separated by a self-made anion exchange
membrane.

Chapter 4 deals with an all-iron RFB containing Fe/Fe(Il) and Fe(IIl)/Fe(II)
redox couples separated by a self-made anion exchange membrane. The
chapter also includes a study on the improvement in the performance of
Fe/Fe*" electrode by the addition of Zn*" ions.

Chapter 5 presents the development of a new chloride-based copper-cerium
redox flow battery and the measurement of its electrochemical performances.
Chapter 6 includes summary and conclusions of the present work.

Finally, chapter 7 presents the recommendations for future studies.
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CHAPTER 2

Experimental Techniques

Physical electrochemistry deals mainly with the broad area of fundamental
electrochemistry. This includes theoretical and experimental aspects of the kinetics
and thermodynamics of heterogeneous electron transfer at electrode-electrolyte
interfaces and the application of spectroscopic and other techniques to the study of the
electrochemical interface and processes [1]. In this chapter the analytical techniques
that were used such as cyclic voltammetry, constant-current charge-discharge,
electrochemical impedance spectroscopy and scanning electron microscopy for the
characterization of the redox flow batteries developed in the present work were

described.

2.1 Cyclic voltammetry

Cyclic voltammetry is one of the most extensively used potentiodynamic
electrochemical measurement for the characterization of redox systems [2]. In a cyclic
voltammetry experiment, the potential of a stationary working electrode is linearly
scanned at a given speed using a triangle potential waveform. When the
predetermined potential is reached in the experiment, the potential of working
electrode is ramped in the opposite direction to return to the initial potential. Single or
several cycles might be employed depending on the information desired. The
potentiostat monitors the current generated by the applied potential throughout the

potential sweep and the resulting plot of current vs. potential is known as a cyclic
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voltammogram. CV is commonly used to investigate aqueous redox processes,
surface deposition and adsorption.

A three-electrode setup comprising a reference electrode, working electrode
and counter electrode is used in a typical CV experiment and Fig. 21 shows a
schematic of an electrochemical cell. The current flow between the working and
counter electrodes, and the reference electrode is used to measure the potential
applied in relation to a stable reference response. The working electrode is the one
where the current is measured and the potential is controlled. This is the electrode
where the electrochemical reactions (reduction or oxidation) take place. The working
electrode acts as a surface for the electrochemical reaction to occur on. Common
working electrode materials include mercury, glassy carbon, platinum, gold, graphite
and carbon paste.

The reference electrode establishes a well-defined potential against which the
working electrode potential is measured. Two common and accurate secondary
reference electrodes for aqueous solutions are saturated calomel electrode (SCE) and

silver/silver chloride electrode (Ag/AgCl).

Working electrode
Reference electrode I
Counter electrode

Fig. 21 An electrochemical cell for CV experiment [3].
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The counter or auxiliary electrode functions as an electron source or sink,
allowing current to flow from the external circuit through the cell. The current that
enters the solution through the working electrode, leaves through the counter
electrode. A non-reactive, high surface area electrode, such as platinum or carbon,
should be used as the counter electrode [3—5].

The electrode-mediated oxidation and reduction reactions of electroactive
species in solution are the principal reaction in most CV experiments. The
electroactive substance must diffuse from the bulk solution to the electrode-solution
interface in order to react. Migration, diffusion and convection are three types of mass
transport reactions that are responsible for transferring of electroactive species from
bulk solution to the interface. The movement of an electroactive species under the
influence of an electric field is known as migration. Diffusion is the movement of an
electroactive species caused by a chemical potential gradient, such as a concentration
gradient. Convection is a form of transport that involves the movement of
electroactive species due to density gradients, laminar flow, turbulent flow and
agitation [6,7]. A potentiostat is one of the most widely used equipment for CV
analysis. The Autolab PGSTAT (Model No. 204 with NOVA 1.11 software)
instrument in Fig. 22 connected to a PC was used to perform the CV experiments in

this study.
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POTENTIOSTAT
GALVANOSTAT

Fig. 22 An Autolab PGSTAT instrument (Model No. 204).

When the three electrodes are connected to the potentiostat, it is possible to
control the working electrode potential with respect to the reference (silver/silver
chloride), which is equivalent to controlling the energy of the electrons within the
working electrode. When the working electrode potential is scanned toward negative
values by applying negative potentials, the energy of the electrons is increased as the
potential becomes more negative. When the applied negative potential is sufficient
and the electrodes were placed in the solution, the electrons will reach a level that is
high enough to transfer into vacant electronic states on electroactive species in the
solution. Thus, the electrons flow from the working electrode to electroactive species
in solution and a reduction current is obtained. At the same time, electroactive species
in solution are reduced at the electrode-electrolyte interface. In an analogous manner,
when the energy of the electron is lowered by applying a sufficiently positive

potential, the electrons flow from electroactive species in solution to the working
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electrode and an oxidation current is obtained. In this case, electroactive species in
solution undergo oxidation at the electrode-electrolyte interface.

Fig. 23 shows a typical cyclic voltammogram with an initial forward scan
from 0.0 V to 1.0 V and the cathodic current is indicated by 1,. and the cathodic peak
potential for reduction is indicated by E,. E,, determines the anodic peak
potential [8]. The Randles Sevcik in equation 2.1, determines the magnitude of the
peak current i, [4].

i, = (2.69 x10°) n’?ACD"*v"* ... (2.1)
Where i, 1s peak current (LA), n is the number of electrons transferred, A is electrode
surface area (cm?), C is analyte concentration (mol/cm®), D is analyte diffusion
coefficient in solution (cm?/s) and v is scan rate (V/s).

If the redox couple is reversible, the oxidation peak has a shape similar to that
of reduction peak. However, if the redox pair is irreversible, the oxidation peak
current may be lower than the reduction peak current or there may be no oxidation
peak during the reverse scan, due to the chemical reaction that occurs after the
electron transfer process. As a result, cyclic voltammetry can identify the reversibility
of electron transfer as well as the stability of the electro generated product. For an
irreversible process, the half-wave potential E,; is the average value of E,. and E,, as

seen in equation 2.2.

Epa + Epc
Eip= % ............. 2.2)

According to Nernst Equation, the AE, for a reversible processes should be

59 .
o mV at 25 °C. Thus, the number of electron transferred during the redox process can

be determined [8].
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Current (uA)

-10 | | 1 | 1
0.0 0.2 0.4 0.6 0.8 1.0

Potential (V vs. SCE)

Fig. 23 Cyclic voltammogram [8].

2.2 Charge-discharge performance

An electrochemical cell is a chemical device that uses electricity to generate or
store energy. It is made up of two electrodes, one positive and the other negative,
separated by an electrolyte. Fig. 24 shows the schematic diagram of the operation of
an electrochemical cell. The electrolyte can carry ions between the two electrodes, but
it is an electronic insulator by itself. The reactive compounds are stored within the
electrodes, but sometimes also in the electrolyte and the positive and negative
electrodes are immersed in the electrolyte. At the two electrodes, chemical reactions
associated with energy conversion occur. The negative electrode contains the
substance that is oxidized (i.e. releases electrons) during discharge (Fig. 24a), whereas
the positive electrode contains the substance that is reduced (i.e. accepts electrons).

The electrons flow through the external load and do useful work. This process is
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reversed when the battery is charged and an equivalent quantity of energy must be

provided to the cell from an external source (Fig. 24b).

Current Current
Pttt oL S
g I =
External load e External

power source

Anion ..

* Cation
+
Positive Negative Positive Negative
electrode Electrolyte electrode electrode Electrolyte electrode
a) Discharge b) Charge

Fig. 24 Schematic diagram of the operation of an electrochemical cell [9].

The transport of electrons from one electrode to the other generates current in
the battery. The difference between the potentials of the positive and negative
electrodes gives the open-circuit voltage (OCV) of the cell, when there is no current
flowing through it. However, when current flows, mass transport is required to
transfer the reacting chemicals to or away from the electrode surface. As a result, the
voltage under current flow differs from the OCV and the difference comprises with
(i) an overvoltage at the electrodes due to electrochemical reactions and concentration
deviations due to transport phenomena and (ii) ohmic voltage drops due to electronic
and ionic current flows in the conducting parts, such as the -electrolyte,

current-collectors and active masses. The sum of both causes a decreased cell voltage
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during discharge and an increased cell voltage during charge, which is referred to as

polarization [9].

The chronopotentiometry (galvanostatic cycling) is the most popular technique
for evaluating the performance of a flow cell. The Autolab PGSTAT 204 instrument
in Fig. 22 is also used for charge-discharge measurement of the battery. The
galvanostat uses a three electrode configuration, in which a current is applied between
the working and counter electrodes and the potential of the working electrode
(measured with respect to the reference electrode) is monitored. When a cell is
charged and discharged at a steady current, the voltage of the cell is monitored over
time. A typical charge-discharge measurement would show a progressive increase in
cell voltage during charging and a gradual reduction in cell voltage during discharge.
The electrochemical cell test enables users to choose the number of cycles to be
repeated as well as the voltage limit and applied current for each charge-discharge
cycle. For security reasons, when measuring voltage range, the current limit has to be
set to prevent the occurrence of extreme voltages or currents [1]. The three generally
used performance measures of a flow cell that are obtained from the resultant

charge-discharge reaction are coulombic, voltaic and energy efficiency.
2.2.1 Coulombic Efficiency (CE)

Coulombic efficiency is the ratio of the charge released during discharge to the

amount of charge used during the charging process [10].

CE=9X100%  .....(23)

Here, tq represents the discharge time and t. the charge time.
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Low CE value indicates the crossover of reactive species between half-cells
causing self-discharge or the side reactions that consume the active species as a
reactant during battery operation. Hence, the membrane should have high ion
selectivity to prevent the cross-mixing of reactive species between the electrode

compartments [11,12].

2.2.2 Voltage Efficiency (VE)

The voltage efficiency (VE) of the cell is given by the ratio of the discharge

voltage to the theoretical cell voltage [10].

VE=X100% ... (2.4)

o}

Here, V4is the average discharge voltage and V, the average charge voltage.

The reduction potential of the redox process in each half-cell and the total
overpotential of the RFB determine the discharge and charge potentials. If the total
overpotentials of the system are negligible in the cell, a 100% VE can be obtained. A
reduction in VE is mainly due to ohmic, activation and concentration overpotentials

usually observed in battery systems [11,12].
2.2.3 Energy Efficiency (EE)

EE is simply the product of coulombic efficiency (CE) and voltage efficiency
(VE) [10]. Overall, EE is affected by the factors that can affect CE and VE as
discussed above. EE indicates how much of the energy provided to the battery while

charging may be extracted when the battery is discharged [11,12].

EE = VEXCE ......... (2.5)
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2.3 Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) is an important
electrochemical technique, in which the impedance in a circuit is measured in ohms.
The EIS measurement was used to determine the ionic conductivity of the membrane
using the Autolab PGSTAT 204 instrument shown in Fig. 22. In the conductivity cell,
a fully hydrated membrane was inserted between two platinum electrodes and 1 M
NaOH was added. The cell was thermostated at 25 + 0.1 C for at least 20 minutes to
ensure thermal equilibrium [13]. An alternating potential of amplitude 10 mV was
used to measure the frequency range of 100 Hz to 1000 kHz. The resistance of the
membrane and solution (Ri1) Was obtained from the Nyquist plot by extrapolating to
the high frequencies. Using the same method, the resistance of the solution (Rsolution)
was also measured without the membrane. The difference between the observed
resistances (Ritai — Rsomtion) Was used to calculate membrane resistance
(Rimem) [14,15]. A digital micrometer was used to measure the thickness of the
membrane, which was placed between two glass slides to provide a planar surface and
minimum compression. The membrane resistance was then used to calculate the

membrane conductivity (o) by the equation:

c mScm’ ... (2.6)

Rmem A

Where Rpem is the membrane resistance (in Q), L is the thickness of the membrane (in

cm) and A is the cross sectional area of membrane samples (cm?) [13].
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2.4 Scanning electron microscopy (SEM)

Scanning electron microscopy was used to investigate the surface morphology
of the samples [16]. When the finely focused electron beam interacts with the sample
surface, there are three main phenomena occur (i) the emission of secondary electrons
(SE) (ii) back-scattering of electrons (BSE) and (iii) the transmission of electrons.
These three major phenomena and some other important phenomena [17,18] are
shown in Fig. 25. The samples were kept in a vacuum oven at 30 °C overnight and
were coated with a thin layer of gold by ion sputtering method before the microscopic
examination. The energy dispersive analyzer was used for the elemental detection of

the samples.

Incident

Backscattered electron beam Secondary
electrons (BSE) electrons (SE)

Auger Characteristic
electrons X-rays
Absorbed Electron-hole
— - .
electrons pairs
Specimen

Fig. 25 Types of interactions between electrons and a sample [19].
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A source of electrons, electromagnetic lenses to focus electrons, electron
detectors, sample chambers, computers and monitors to view the images are the
primary components of the SEM (Fig. 26) [20]. In SEM technique, the electron from
a finely focused electron beam gets restored across the surface of the sample. The
reflected electrons by the surface of the sample and the emitted secondary electrons
give an image of the surface topography of the sample. SEM analysis is very useful
for determining the particle size, crystal morphology, magnetic domains and surface
defects, etc. A wide range of magnification methods can be used, in which the best
feasible resolution is being about 2 nm. In the present study, we have used SEM
analysis (using Jeol 6390 LA/OXFORD XMX N instrument) to find out the particle

size and to see the surface morphology.

Electron gun

A Electron beam
U | MAnode

Secondary
electron detector

Fig. 26 Components of scanning electron microscopy [20].
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CHAPTER 3

A Dendrite Free Zinc-1ron Hybrid Redox Flow
Battery for Renewable Energy Storage

3.1 Introduction

The redox flow batteries (RFBs) are attractive electrochemical systems which
store energy in two electrolyte solutions comprising of different redox couples
separated by an ion-exchange membrane (IEM) [1-5]. Among various traditional
flow battery systems, the hybrid flow batteries involve the deposition of a metal
coating on at least one of the electrodes [4][6]. The main advantages of RFBs over
other battery systems are their safety, moderate cost, modularity, transportability and
flexibility in charge-discharge cycles [7-9]. Unfortunately, the inadequate ionic
selectivity of the existing IEMs leads to undesired crossover of redox species between
negative and positive electrolytes through the membrane. This result a permanent lose
in both coulombic efficiency (CE) and battery capacity and will lead to overall

performance loss of RFBs [5,10-13].

Zinc-based redox flow batteries are generally more attractive due to favorable
electrochemical properties of zinc such as its low cost, fast electrode kinetics,
negative electrode potential (E° = —0.76 vs. SHE) and high overpotential for the
hydrogen evolution reaction (HER) [14-16]. A Zn-Fe flow battery system reported by
S. Selverston et al. used mixed zinc-iron electrolytes and porous separator in place of

expensive ion-exchange membranes [15]. Ke Gong et al. reported a zinc-iron RFB
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based on double-membrane triple electrolyte design [17]. Zhizhang Yuan et al.
reported a battery that employs Zn(OH),* /Zn and Fe(CN)s' /Fe(CN)s' as the
negative and positive redox couples, respectively, while a self-made, cost-effective
polybenzimidazole (PBI) membrane was used as a separator. Zhipeng Xie et al.
reported an energy efficiency of 71.1% over 50 cycles for a zinc-ferrum redox flow
battery (Zn/Fe RFB) employing an ion-exchange membrane as a separator [18].
Qixing Wu et al. developed a chloride acid-based tin-iron hybrid flow battery with
good rate and cycle performance [19,20]. Wang and co-workers developed a

zinc-polyiodide flow battery and reported high energy density [21].

During the charging process of Zn based flow batteries, zinc dendrites form
and ultimately pierce the separator, causing a short circuit and battery failure [22-25].
Additionally, the zinc dendrites can easily fall from anodes, reducing efficiency,
capacity and life time of the cell [26]. As a result, inhibiting the formation of zinc
dendrites is essential for the successful commercialization of zinc based RFBs.
Researchers have recently focused their efforts on modifying the electrolyte, anodes,
electric field and rate of zinc ion transfer to solve zinc dendrite formation [22-24]. To
prevent negative effects of zinc dendrites on the performance and lifetime of
zinc-based batteries, the separator should also have good mechanical stability to
prevent the direct contact of the anode and cathode [27]. Thus, developing a highly
efficient dendrite free zinc based electrical energy storage system having negligible
crossover of the electroactive materials between the anode and cathode compartments

is an important goal towards the wide spread use of renewable energy sources.

Herein we report a novel zinc-iron hybrid redox flow battery (Zn/Fe hybrid

RFB), in which Zn/Zn(II) and Fe(IIT)/Fe(II) couples act as negative and positive redox
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materials and the two redox couples are separated by a self-made anion exchange
membrane. Both zinc and iron are the two advantageous elements for energy storage
due to their low cost and high abundance [17]. The ferric/ferrous chloride redox pair,
which has been used in a variety of flow battery systems, is promising as an active
material on the positive side due to its rapid kinetics [28]. A schematic representation
of the Zn-Fe hybrid redox flow battery is shown in Fig. 27. The electrochemical
reaction through which Zn-Fe RFB stores and releases electricity can be expressed by

following reactions:

At negative electrode: Zn* +2¢ 2 Zn E°=-076V ... 3.1
At positive electrode:  2Fe*” = 2Fe® +2¢” E°=+0.77V ...... (3.2)
The overall reaction is:  Zn*"+2 Fe** = Zn+2Fe* E°=153V  ....(3.3)

Anion Exchange
Membrane

2 ]
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o
) =2 [
B Y o B
§ _,_)J ( Zn Fe3t ) E
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~
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Fig. 27 Schematic of a Zn-Fe flow battery.
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During the charging process, the Fe(Il) ions at the positive electrode release
the electrons, and get oxidized to Fe(Ill) ions; the Zn(Il) ions at the negative electrode
acquire these electrons from the external circuit and electrodeposits onto the electrode
as metallic Zn. The chloride ions move through the anion exchange membrane from
zinc compartment to the iron compartment, to maintain charge neutrality. During the
discharge, the above electrochemical processes are reversed. At the positive electrode,
the Fe(Il)/Fe(III) redox couple have good solubility in acidic media and exhibits facile
kinetics [17]. At the negative electrode, the Zn/Zn(Il) redox couple also exhibit fast

kinetics and has high overpotential for hydrogen evolution reaction [29].

3.2 Experimental

3.2.1 Chemicals

All chemicals were of reagent grade and the electrolytes were prepared with
deionized water. Zinc chloride anhydrous (ZnCly), iron(Il) chloride tetrahydrate
(FeCl,. 4H,0), iron(I1I) chloride anhydrous (FeCls), ammonium chloride (NH4Cl) and
formaldehyde solution (37%) were obtained from Merck India. Guanidine carbonate

salt (CHsNj3. 0.5 CH,03) and melamine (C3HgNg) were obtained from Sigma-Aldrich.
3.2.2 Preparation of electrolytes

1 M Zn/Zn(ll) electrolyte is prepared by dissolving Zn(II) chloride in
deionised water (pH = 5.8). The positive electrolyte is a mixture of 0.5 M FeCl, and
0.5 M FeCl; with 2 M NH4Cl in deionised water (pH = 1.7). The NH4Cl was added to
the positive electrolyte as a supporting electrolyte in order to improve conductivity of

the solution.
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3.2.3 Preparation of anion exchange membrane

The anion exchange membrane was prepared by condensing guanidine
carbonate with formaldehyde followed by cross-condensation with melamine. The
dried powder was mixed with a polymer powder as a binder and made into a
homogeneous suspension and converted into the membrane by solvent casting
method. The prepared membranes were highly flexible and had a thickness of
~120 um. The membrane resistance was examined by an electrochemical impedance

spectroscopy measurement using the Autolab PGSTAT instrument.

3.2.4 Cyclic voltammetry

Cyclic voltammetry (CV) experiments were conducted in a three-electrode
cell as shown in Fig. 28, using a potentiostat/galvanostat (Autolab PGSTAT)
instrument. A graphite sheet, platinum sheet and an Ag/AgCl electrode were used as
working, counter and reference electrodes, respectively. The CV was measured from
—1.6 to —0.2 V versus Ag/AgCl reference electrode using 0.085 M ZnCl, as the
electrolyte at a scan rate of 50 mV/s. The measurement was performed at room

temperature.
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Fig. 28 The electrochemical set-up of a three-electrode cell.

3.2.5 Battery performance

The redox flow battery consists of a reaction chamber (cell) and two reservoirs
to store electrolytes externally. The cell was made of acrylic sheet and the positive
and negative electrodes were densified graphite sheets with an area of 16 cm?® and
thickness of 2 mm. The negative and positive electrodes were separated by the
self-made anion exchange membrane. The total volume of each compartment of the
cell is 3cm X 3 cm x 1 cm. The negative electrolyte of this zinc-iron flow cell
consisted of 1 M ZnCl, and the positive electrolyte is a mixture of 0.5 M FeCl, and
0.5 M FeCl; with 2 M NH4CI. The electrolytes were stored in two external reservoirs
(each of 75 ml). Both positive and negative electrolytes were circulated through the
cell using two peristaltic pumps. The cell performance was measured under a
constant-current charge-discharge measurement using an Autolab PGSTAT
instrument connected to a PC. The charge-discharge measurements were carried out
using a standard two-electrode setup as shown in Fig. 29, in which the graphite sheets

act as both working electrode and counter electrode respectively.

Development of High Performance Redox Flow Batteries for Energy Storage 72



Chapter 3 A dendrite free Zinc-1ron hybrid
redox flow battery for renewable energy storage

Graphite

/N

AEM

Fig. 29 The standard two-electrode setup for charge-discharge measurements.

The charge-discharge experiment of the zinc-iron redox flow cell is performed
by charging the cell at a constant current of 25 mA cm > for 1800 seconds followed
by discharge at the same current, until the cell reached a voltage of 0.0 V to
completely strip off any deposited zinc. The cell parameters like coulombic efficiency
(CE), voltage efficiency (VE) and energy efficiency (EE) of the battery are calculated

using the equations described in chapter 2.

3.2.6 Scanning electron microscopy

Surface morphology of the membrane and zinc electrodeposits were analyzed

using scanning electron microscope (Jeol 6390 LA/OXFORD XMX N).
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3.3 Results and discussion

3.3.1 Electrochemical impedance spectra

Fig. 30 shows the Nyquist plots of the conductivity cell with membrane and
without membrane. From the figure, the membrane resistance (Ryem) Was calculated
(Rmem = Riotal = Rsowtion) and the value obtained is 0.5 Q. From the membrane
resistance, the conductivity was calculated and the membrane exhibited a hydroxide
ion conductivity of around 80 mS™' (at room temperature). Fig. 31 shows a

photograph of the membrane prepared.
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Fig. 30 Nyquist plot with membrane and without membrane.
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Fig. 31 Photograph of the membrane.

3.3.2 Cyclic voltammogram

A cyclic voltammogram of 0.085 M ZnCl, on a graphite sheet working
electrode in the range of —1.6 to —0.2 V (versus Ag/AgCl) at the scan rate of
50 mV s is shown in Fig. 32. From figure, it is clear that the cathodic peak at
—1.28 V corresponds to the electrodeposition of zinc and the anodic peak at —0.74 V

corresponds to the dissolution of zinc to the solution.
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Fig. 32 CV 0f 0.085 M ZnCl, on a graphite electrode at the scan rate of 50 mV s ',

3.3.3 Charge-discharge cycle performance

The performance of a Zn-Fe RFB employing 1 M Zn(Il) chloride aqueous
solution as negative active species and 0.5 M FeCl, and 0.5 M FeCl; with 2 M NH4Cl
aqueous solution as positive species was evaluated with constant-current
charge-discharge measurements. The charge-discharge measurements were repeated
over 30 cycles and are shown in Fig. 33. Fig. 34 represents the characteristic
charge/discharge curves for 15™ cycle at 25 mA cm 2. These curves were obtained
from 30 minutes of charging followed by 30 minutes of discharging under a current
density of 25 mA cm 2 using graphite electrodes. It shows a relatively flat voltage
profile for charge and discharge process. The cycling studies at 25 mA cm ~ revealed
good stability of the battery, without any evidence of degradation. The curves are
identical with a charge voltage of approximately 1.59 V and a discharge voltage of

1.34 V.
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Any crossover of Fe*/Fe’" through the membrane to the anodic compartment
will result in a gradual fading of coulombic efficiency on repeating the
charge-discharge cycles [15,18]. However, this phenomenon is not observed in our
redox flow system indicating that the crossover of Fe*"/Fe’” does not occur
appreciably. This may be due to the good cation-blocking ability of the anion
exchange membrane. In this case, during charging, excess chloride ions left in the
anode compartment move towards cathode compartment through the membrane for
electrical neutrality. During discharge process, opposite changes take place. When we
repeated the experiments with a porous PVC membrane instead of an AEM, dendrite
formation was observed on zinc electrodes even on first charging step, before any
appreciable mixing of the two electrolytes happened. Fig. 35 shows the photograph of
zinc deposit formation using PVC membrane and AEM. When an AEM is used, only
chloride ions can diffuse from anode compartment to the cathode compartments
through the AEM, during charging. From the above observations, it is clear that the
selective migration of chloride ions has a strong influence on uniform deposition of
zinc. Similar results of suppression of dendrite formation in zinc RFBs with different

kinds of membranes have been reported by many other groups [30-32].
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Fig. 33 Cell potential vs. time response for 30 cycles of Zn-Fe RFB at 25 mA cm .
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Fig. 34 Cell potential vs. time response for 15" charge-discharge cycle at
25 mA cm .
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Fig. 35 The photograph of zinc deposit formation using
(a) PVC membrane and (b) AEM.

The dependences of cell performance on concentration and current density
were also investigated by performing the galvanostatic charge-discharge measurement
at different ZnCl, concentrations (1 M, 3 M and 5 M) and at different current densities

(15, 25 and 50 mA cm ?) for 1 M ZnCl,. The results are tabulated in Table 4 and 5.

Table 4 The Zn-Fe RFB performance as a function of ZnCl, concentration, at a

current density of 25 mA cm .

ZnClz (M) | OCV cﬁa\ill%e disﬁr\llgllfge (C%E) (VO/IoE) (E/E)
(V) | voltage (V) | voltage (V)
IM 1.44 1.59 1.343 92 85 78.2
3iM 1.31 1.65 1.138 92 68.9 63.38
5M 1.09 1.7 1.01 90 59.4 53.46
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Table 5 The electrochemical performances for Zn-Fe cell with 1 M ZnCl, run at

different charge/discharge current densities.

Current ocv Avg. Avg. CE VE EE
density V) charge discharge (%) (%) (%)
(mA cm ?) voltage (V) | voltage (V)
15 1.52 1.55 1.4 90 90 81
25 1.44 1.58 1.343 92 85 78.2
50 1.38 1.71 1.27 92 74 68.08

From Table 4, it is found that the average discharge voltage decreases from
1.34 V to 1.01 V on increasing concentration of ZnCl, from 1 M to 5 M, while the
coulombic efficiency remains nearly constant at ~90-92% which indicates the high
anion selectivity of the membrane. A higher CE compared to that of the cells reported
by other researchers is mainly due to the negligible crossover of Fe’ ions through
AEM used in our redox flow battery. This result also confirms the high anion
selectivity of our anion exchange membrane when used as a separator in Zn-Fe redox
flow battery. The decrease in energy efficiency values from 78.2% to 53.46% with
increasing electrolyte concentration is mostly related to a reduction in voltage

efficiency from 85% to 59.4% due to increased electrolyte resistance [21,33].

The electrochemical performance of the Zn-Fe system with 1 M ZnCl, at
different current densities (such as 15, 25 and 50 mA c¢cm °) is shown in Table 5. The
coulombic efficiency remained nearly constant at 90-92% when current densities were

increased from 15 to 50 mA cm™. However, the voltage efficiency and energy
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efficiency reduced from 90% to 74% and 81% to 68% respectively. The coulombic
efficiency is mainly influenced by three key factors: temperature, current and
state-of-charge. The relationship between charge or discharge currents and coulomb
efficiency can be expressed by the Peukert equation [33]. This states that the overall
battery capacity or the total energy supplied by the battery, decreases

disproportionately as the discharge current rises.

M= (I—d)l'“ ................. (3.4)

Qn In

Where 14 is discharge current, Iy is base current, Qq is the capacity discharged
by I4 and Qy is the capacity discharged by base current Iy. The equation relating

internal resistance, discharge current and energy efficiency can be written as

1-n VB—Rijlg

Nw =1y = (I—d) VerRL e (3.5)

In

From the equations 3.4 and 3.5, it is clear that the internal resistance and
discharge current values are obviously two key factors that reduce energy efficiency.
Reducing internal resistance and maintaining an optimum charge and discharge

current will help to increase the energy efficiency.

From charge-discharge plot, the coulombic, voltage and energy efficiencies
were calculated and plotted vs. cycle number in Fig. 36. From the figure, it is clear
that the Zn-Fe RFB shows no decrease for coulomb efficiency (92%), voltage
efficiency (85%) and energy efficiency (78.2%) on 30 repeated charge-discharge
cycles at 25 mA cm °. The average coulombic efficiency of about 92% in all the
cycles indicates that the products formed during battery discharge return almost

completely to their initial conditions on charging. Low coulombic efficiency in
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aqueous electrolytes is generally attributed to the side reactions due to water
electrolysis [5]. The standard reduction potential of zinc in acid media is —0.76 V vs.
the standard hydrogen electrode (SHE). During the charge process, proton or water
reduction leading to H, evolution is the preferred reaction thermodynamically.
However zinc is a relatively poor electrocatalyst for the H, evolution and hence
increase the overall cell efficiency by suppressing hydrogen evolution reaction [14].
After repeated charge-discharge cycles, no appreciable changes in pH were observed.
Hydrogen evolution reaction (2H" + 2e” — Ha(y) is a side reaction that decrease the
efficiency of many redox flow batteries. This will also increase the pH of the anolyte.
Higher coulombic efficiency and near consistency of the pH values after many
charge-discharge cycles indicates that the hydrogen evolution on the anode is
negligible in the present system. No zinc dendrite formation was observed on

increasing the current densities to 15, 25, 50,100 and 150 mA cm .
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Fig. 36 Efficiency of the cell with 1 M ZnCl, under the current density of
25 mA cm °.
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3.3.4 SEM Analysis

Fig. 37 shows the SEM images of surface and cross-section of the anion
exchange membrane prepared. The smooth and uniform surface of the membrane

indicated its dense nature, which was further confirmed by a cross-section image.

Fig. 37 (a-c) shows the SEM images of the membrane and (d) cross-sectional image
of membrane.

The deposition of a uniform, thick zinc layer onto an inert current collector has
become a necessity in all zinc-based redox flow batteries. Fig. 38 shows SEM
micrograph of zinc electrodeposit obtained during the charging phase of the zinc
half-cell under a current density of 25 mA ecm™. Visually, all the electrodeposited Zn
coatings were homogeneous metallic grey. It is pertinent to note that no dendrite
growth occurs on the zinc electrode which was a severe drawback of previously
reported zinc based rechargeable batteries. Absence of dendrite growth might be due
to the fact that, only the chloride ions shuttles between two electrolyte solutions

through AEM and has some influence on preventing the dendrite growth.
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Fig. 38 (a-d) SEM images of zinc deposition at various magnifications.

3.4 Conclusions

In conclusion, the feasibility of a Zn-Fe RFB system utilizing Zn/Zn(II) and
Fe(IlI)/Fe(IT) redox couples separated by a self-made anion exchange membrane has
been demonstrated. The anion exchange membrane exhibits a thickness of ~120 um,
resistance of 0.5 Q and hydroxide ion conductivity of around 80 mS™'. Densified
graphite sheets were used both as positive and negative electrode current collectors
and the performance of the test cell was evaluated with repeated constant-current
charge-discharge experiments. The cell delivered an average discharge voltage of
~1.34V at 25 mA cm >, with a high average coulombic efficiency of 92%, voltage
efficiency of 85% and energy efficiency of 78.2% over 30 cycles at 298 K. During

charge-discharge cycles, only chloride ions shuttle between anode and cathode
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compartments through AEM, which eliminates the issue of cross contamination of
electroactive materials and thus increase the performance of the battery. From SEM

images, it was clear that the Zn coatings were homogeneous and dendrite-free.

The dependence of cell performance on concentration and current density was
also investigated by performing the galvanostatic charge-discharge measurements at
different electrolyte concentrations (1 M, 3 M and 5 M) and at different current
densities (15, 25 and 50 mA cm ). The results show that the average discharge
voltage decreases from 1.34 to 1.01 V on increasing concentration of ZnCl, from 1 M
to 5 M, while the coulombic efficiency (CE) remains nearly constant (90-92%).
Higher coulombic efficiency confirms negligible hydrogen evolution side reaction
and high anion selectivity of AEM. The energy efficiency values, however, decrease
from 78.2 to 53.46% with increase in electrolyte concentration and this is mainly due
to the decreasing voltage efficiency arising from the increased electrolyte resistance.
On increasing the current densities to 15 to 50 mA cm > the coulombic efficiency
remained almost same (90-92%). However, voltage efficiency decreased from ~ 90%
to 74% and energy efficiency decreased from ~81% to 68%. The results show that the
operating conditions are crucial impact factors for the cell performance and the Zn-Fe
RFB can exhibit good performance at low concentration (1 M) and at low current
density (15 mA cm ). Thus, we have successfully demonstrated the working of a
high efficiency and stable Zn-Fe hybrid redox flow battery with no dendrite growth
during zinc deposition by optimizing charge-discharge conditions and employing an

anion exchange membrane as separator.
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CHAPTER 4

Improvement in the Performance of Fe/Fe*
Electrode in an All-Iron Redox Flow Battery by

the addition of Zn%* ions

4.1 Introduction

The imperfect ionic selectivity of existing ion-exchange membranes used as
separators in redox flow batteries (RFBs) leads to the crossover of reactants between
negative and positive electrolytes and cause permanent losses in both battery capacity
and coulombic efficiency (CE). The electrolyte contamination associated with the
crossover problem can be mitigated to a certain extent by using two redox couples of
the same metal as both negative and positive electrolytes. The RFBs having same
redox-active elements at different valence states are all-vanadium (all-V) [1,2],
all-chromium (all-Cr) [3], all-lead (all-Pb) [4-6], all-copper (all-Cu) [7,8], all-iron
(all-Fe) [9-11], etc. All-iron RFBs, in particular, have benefits such as low chemical
toxicity and low material cost [12]. The first all-Fe RFB reported in 1981 by L.W.
Hruska and R. Savinell consists of Fe/Fe(Il) and Fe(Il)/Fe(Ill) redox pairs, in negative
electrolyte and positive electrolytes separated by commercially available anion
exchange membranes [12,13]. The cell had a round trip current efficiency of 90%,
energy efficiency of 50% and a power density of 50 mW/cm®. The largest voltage
losses were found to occur at the Fe/Fe*" electrode. The major technical challenges
that slowed down the successful commercialization of all-iron redox flow batteries

were low charging efficiency of the negative electrode, self-discharge by electrolyte
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cross-over through the membrane and poor cycle-life. The low charging efficiency of
the negative electrode is mainly due to the hydrogen evolution reaction (HER) [14].
The standard redox potential of Fe*'/Fe is 440 mV more negative than that of
hydrogen evolution reaction at pH = 0 and HER creates a serious challenge to all-iron

RFB [12,15].
Fe*"+2¢ = Fe E'=-044V ... (4.1)
Hydrogen evolution that occurs during charging can be represented as
2H" +2¢ = H, E’=00V ... 4.2)

Suppression of hydrogen evolution is essential for the better performance of
all-iron systems. Several methods have been attempted by researchers for solving the
hydrogen evolution reaction at the negative electrode like pH control, co-deposition of
secondary metals and increasing the overpotential for hydrogen evolution by
electrolyte additives. Metals such as platinum and nickel facilitate hydrogen evolution
because of the improved chemisorption of hydrogen due to the partially filled d-bands
of the metal. In contrast, elements like cadmium, zinc, lead, bismuth and mercury
with filled d-bands do not support hydrogen evolution readily [16,17]. The second
metal will continue to restrict hydrogen evolution by remaining on the surface
throughout the electrodeposition process [18,19]. The zinc metal has a higher
hydrogen evolution overpotential than iron [20,21] and alloying iron with a small

amount of zinc inhibits the hydrogen evolution at the Fe/Fe(II) electrode.

In the present work, we studied the performance of an all-iron redox flow
battery containing Fe/Fe(Il) and Fe(Ill)/Fe(Il) redox couples in the negative and

positive half-cells separated by a self-made anion exchange membrane [22]. The
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details of the membrane were given in chapter 3. The charge-discharge performance
of the cell was evaluated at a constant current density of 25 mA cm™. We also studied
the influence of adding 0.03 M ZnCl, in the anode compartment, on the electrode
performance of the Fe/Fe(Il) redox couple. The anion exchange membrane, being
permeable to only negative ions, allows the transfer of chloride ions between the
positive and negative sides of the cell and thus the self-discharge resulting from the
transfer of Fe(Ill) ions across the membrane could be avoided. A schematic diagram

of the operation of the battery system is shown in Fig. 39.
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Fig. 39 Schematic of an all-Fe RFB.
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The working principle that the all-Fe RFB stores and releases electricity can

be expressed as follows [23]: During charging:

At negative electrode: Fe*" +2¢” = Fe E'=—-044V ... (4.3)
At positive electrode: 2Fe*” = 2Fe’ +2e” E°=0.77V ... (44)
Overall reaction: 3Fe** = 2Fe* + Fe Eoce“ =121V...... 4.5)

During the charging process, the Fe(Il) ions at the positive electrode release
the electrons and get oxidized as Fe(Ill) ions. At the same time, the Fe(Il) ions at the
negative electrode acquire these electrons and get electrodeposited as metallic Fe. To
maintain charge neutrality, chloride ions move from the negative electrolyte to the
positive electrolyte, through the anion exchange membrane. These processes are

reversed during battery discharging.

4.2 Experimental

4.2.1 Chemicals

Iron(IT) chloride tetrahydrate (FeCl,. 4H,0O), iron(III) chloride anhydrous
(FeCls), ammonium chloride (NH4Cl) and zinc chloride (ZnCl,) were obtained from

Merck India.
4.2.2 Electrolyte preparation
All the electrolytes are prepared using deionized water.
(1) Preparation of negative electrolyte solution without zinc additive

The negative electrolyte consists of 1 M Fe(II) chloride and 2 M NH4Cl.
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(i1) Preparation of negative electrolyte solution with zinc additive

The negative electrolyte consists of 1 M FeCl,, 0.03 M ZnCl, and 2 M NH4Cl.

(iii) Preparation of positive electrolyte solution

The positive electrolyte consists of 0.5 M of FeCl,, 0.5 M of FeCl; and 2 M
NH4Cl. The NH4Cl was added as a supporting electrolyte to eliminate the IR drop by

increasing the solution conductivity and suppressing the migration current.

4.2.3 Cyclic voltammetry

CV analysis was performed by employing the same working, counter and
reference electrodes as indicated in chapter 3 section 3.2.4 and Fig. 40 depicts the
schematic representation of a three-electrode cell. The solutions used for CV consists
of 1 M FeCl, in 2 M NH4Cl and a mixture of 1 M FeCl, and 0.03 M ZnCl, in 2 M

NH4Cl.

PGSTAT

Weorking Electrode Reference Electrode Counter Electrode

Fig. 40 The electrochemical set-up of a three-electrode cell.
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4.2.4 Battery performance

The performances of the two all-iron redox flow cells (A & B) were evaluated
with constant-current charge-discharge measurements. Compositions of the two cells

are as follows:

(1) Cell A (without ZnCl,): The negative electrolyte consisting of 1 M Fe(Il) chloride
and 2 M NH4Cl and a positive electrolyte consisting of 0.5 M Fe(Il) chloride, 0.5 M

Fe(III) chloride and 2 M NH4CI.

(i1) Cell B (with ZnCl,): The negative electrolyte consisting of 1 M Fe(Il) chloride,
0.03 M ZnCl, and 2 M NH4CI and positive electrolyte consisting 0.5 M Fe(Il)

chloride, 0.5 M Fe(III) chloride and 2 M NH4Cl.

The electrochemical cell set-up for charge-discharge measurement is same as
described in chapter 3 section 3.2.5 and Fig. 41 shows the schematic representation of
the standard two-electrode configuration used for the study. The effect of ZnCl,
additive on the potential of negative electrode during cell charging and discharging
was measured using a three-electrode configuration. For this setup, the Fe/Fe®',
Ag/AgCl and Fe*'/Fe*" electrodes were used as working, reference and counter

electrodes respectively.
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Graphite

/N

AEM

Fig. 41 The standard two-electrode setup for charge-discharge measurements.

The charging and discharging of the cells were carried out at a current density
of +25 mA cm °. Battery charging is carried out for 1800 seconds followed by the
stripping of iron deposit until the discharge voltage reaches a cut-off 0.6 V. The
coulombic efficiency (CE), voltage efficiency (VE) and energy efficiency (EE) of the

cells were also calculated.

4.3 Results and discussion

4.3.1 Cyclic voltammograms

Fig. 42 shows the cyclic voltammogram of 1 M FeCl, and 2 M NH4Cl at the
scan rate of 50 mV s . A cathodic peak at —0.98 V is due to the electrodeposition of

Fe and the anodic peak at —0.26 V could be ascribed to the anodic dissolution of the
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deposited iron. Robert F. Savinell et al. reported that the peak corresponding to the
reduction and oxidation of iron species in the CV of an electrolyte containing FeCl,
and NH4CI are at —0.96 V and —0.63 V [24]. Fig. 43 shows the cyclic voltammogram
of a mixture of 1 M FeCl, and 0.03 M ZnCl; in 2 M NH4Cl. The CV for the Zn-Fe
mixture exhibited two cathodic and anodic peaks. The first cathodic peak at —1.14 V
is due to the electrodeposition of iron and the second cathodic peak at —1.23 V is due
to the electrodeposition of zinc. The first and second anodic peaks were observed at
potential values of —0.65 V and —0.5 V, respectively, which may be attributable to the
dissolution of zinc and the dissolution of iron from the deposit. From the figure, it is
observed that, in the presence of Zn", the cathodic potential for iron deposition is
shifted to more negative values in the forward scan. Thus it is confirmed that, in
presence of Zn>", the iron deposition occurs at more negative potential. CVs at 1 M

concentration were found to be very similar with low concentration CVs.
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0.0010

0.0005

0.0000

Current (A)
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Fig. 42 Cyclic voltammogram of 1 M FeCl, and 2 M NH4Cl at the scan rate of
50 mVs .
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Fig. 43 Cyclic voltammogram of 1 M FeCl, and 0.03 M ZnCl, in 2 M NH4CI at the

scan rate of 50 mV s .

4.3.2 Charge-discharge cycle performance

The performances of the two all-Fe redox flow cells (A & B) were evaluated
with constant-current charge-discharge measurements. During charging, the ferrous
(Fe’") ion gains electrons and plates as solid iron on the graphite sheet. During
discharge, the iron dissolves as ferrous ions and releases two electrons. The
equilibrium potential for the iron deposition reaction is —0.44V. On the positive
electrode, two Fe*" ions lose two electrons to form Fe’™ ions during charge and two
Fe’" ions gain two electrons to form Fe*" during discharge. Thus, both the reactions in
the negative and positive electrodes in an all-iron redox flow battery are reversible.

The equilibrium potential for Fe*'/Fe** couple is +0.77 V. Fig. 44 and Fig. 45
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represent the characteristic charge-discharge curves of the above two cells for 30

repeated cycles.
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Fig. 44 Cell potential vs. time response for 30 cycles of cell A at 25 mA cm .
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Fig. 45 Cell potential vs. time response for 30 cycles of cell B at 25 mA cm ~.
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The potential vs. time curves of the negative electrode was measured during
cell charging and discharging using a negative electrolyte without and with ZnCl,
additive is shown in Fig. 46 and Fig. 47 and the results obtained are tabulated in
table 6. Comparing the overvoltage of cell A (without ZnCl,) with the overvoltage
required at the negative electrode during charging, it can be seen that 68.75% of the
overvoltage of the cell is for charging of the negative electrode. For the same cell, a
comparison of the voltage losses of the cell with that of the negative electrode during
discharge shows that 88.09% of the voltage loss occurs at the negative electrode. For
cell B (with ZnCl,) the corresponding values during charging and discharging shift to
55.2% and 73.27%, respectively. Thus, the overvoltage of the negative electrode for
charging is decreased by 13.55% and voltage loss during discharge is decreased by

14.82% by the addition of ZnCl,.

Fig. 48 shows the 15" charge-discharge curves with and without 0.03 M ZnCl,
at 25 mA cm . Without ZnCl,, a relatively flat voltage profile for charge and
discharge processes are observed and the plot shows an average charge voltage of
1.45 V and discharge voltage of 0.9 V. With 0.03 M ZnCl,, the curves are identical in
shape but the average charge and discharge voltages shifts to 1.55 V and 1.1 V
approximately. The cell potential of the all-Fe redox flow cells with and without
ZnCl, during charging and discharging are influenced by a number of factors
particularly the activation and concentration polarization of the positive and negative

electrodes along with the ohmic drop (IR).
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Fig. 46 Potential vs. time curves measured during the cell charging and discharging
without ZnCl, additive in the negative electrolyte.
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Fig. 47 Potential vs. time curves measured during the cell charging and discharging
with ZnCl, additive in the negative electrolyte.
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Table 6 Comparison of the overvoltage and voltage loss of the cell without and with

ZnC 12 .

Charging

Electrolyte in | Overvoltage Overvoltage Total over Percentage

the anode of negative of positive voltage for overvoltage

compartment | electrode electrode charging of the
negative
electrode

1 M FeCl,+ 0.165 0.075 0.24 68.75%

2 M NH,CI

1M F6C12 + o

2 M NHLCI + 0.1877 0.1523 0.34 55.2%

0.03 M ZnCl,

Discharging

Electrolyte in | Voltage loss at | Voltage loss at | Total voltage | Percentage

the anode the negative | the positive loss of the cell | voltage loss

compartment | electrode electrode at the
negative
electrode

1 M FeCl, + 0.2731 0.0369 0.31 88.09%

2 M NH4Cl

1 M FeCl, + .

2 M NH4Cl+ 0.0806 0.0294 0.11 73.27%

0.03 M ZnCl,
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Fig. 48 Cell potential vs. time response for 15" charge-discharge cycle of cells A and
B at 25 mA cm °,

The CE, EE and VE data obtained from the charge-discharge curves
shown in Fig. 44 and 45 are plotted in Fig. 49 and listed in Table 7. The CE, VE and
EE of the cell without ZnCl, are 80%, 62.06% and 49.64%, respectively. On adding
ZnCl, these values increase to 90%, 70.96% and 63.86%, respectively. It is evident
from Fig. 48 and table 7 that for the cell B containing ZnCl,, there is an improvement
of 0.2 V in the average cell voltage during discharge compared to that of the cell
without ZnCl,. However, there is an increase of 0.1 V in the charge voltage after the
addition of ZnCl,. Overall, there is a net gain of 0.1 V after the addition of ZnCl,

leading to higher voltage efficiency for the cell B.
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Fig. 49 Efficiencies of the all-Fe cell (a) without ZnCl, and (b) with 0.03 M ZnCl,
under a current density of 25 mA cm .

Table 7 Summary of the performance of two cells obtained at 25 mA cm

The electrolyte Avg. Avg. CE VE EE
in the anode OCV | charge | discharge | (%) (%) (%)
compartment V) voltage voltage
V) V)

1 M FeCl, + 1.13 1.45 0.9 80 62.06 49.64
2 M NH4Cl
1 M FeCl, + 1.27 1.55 1.1 90 70.96 63.86
2 M NH4Cl +
0.03 M ZnCl,
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The results show that the addition of small amounts of zinc with iron
has a suppressing effect on the hydrogen evolution reaction and then leads to an
increase in the CE of the cell. Since the reduction potential of Zn/Zn*" at a Zn*"
concentration of 0.03 M is too low (~—0.85 V), the chance of co-deposition of zinc
along with iron during charging can be neglected. Hence the reason for the improved
performance of the cell after adding zinc ions may be explained as follows. When
hydrogen is evolved at the negative electrode by the reduction of H™ ions, the
hydroxide ions left in the vicinity of the iron electrode combine with Zn®" ions
forming Zn(OH),. This Zn(OH); layer on the iron electrode inhibits further hydrogen
evolution [25]. Thus the addition of zinc ions in the negative electrolyte helps to
increase the coulombic efficiency from 80% to 90% and has a beneficial effect on the

overall performance of an all-iron flow battery.

4.4 Conclusions

In this work, the electrochemical performance of an all-iron redox flow battery
with Fe/Fe(Il) and Fe(IIl)/Fe(Il) redox couples were studied. The densified graphite
sheets were used both as positive and negative electrode current collectors and the
two electrolyte solutions were separated by a self-made anion exchange membrane.
The electrochemical performance of the cell was measured by conducting
charge-discharge experiments at a constant current density of 25 mA cm > The
performance was also studied with the addition of 0.03 M ZnCl,. The results show
that the cell with 0.03 M ZnCl, as additive delivered a higher average discharge
voltage of ~1.1 V compared to the cell without ZnCl, (~0.9 V). The CE, VE and EE
of the cell with 0.03 M ZnCl, are higher (90%, 70.96% and 63.86%) than that of the

cell without ZnCl, (80%, 62.06% and 49.64%). The overvoltage of the negative
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electrode during charging is reduced by 13.55%, while voltage loss during discharge
is reduced by 14.82% after the addition of ZnCl,. During charge-discharge cycles,
only chloride ions shuttle between anode and cathode compartments through AEM,
which eliminates the issue of cross-contamination of electroactive materials and thus
increases the coulombic efficiency of the battery. The increase in charging efficiency
after the addition of zinc ions may be due to the inhibition of hydrogen evolution
reaction by a layer of Zn(OH), formed at the iron electrode. The hydroxide ions,
formed by the removal of protons at the early stages of hydrogen evolution, combine
with Zn** ions forming Zn(OH),. This Zn(OH), layer on the iron electrode inhibits

further hydrogen evolution resulting in an overall improvement in cell performance.
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CHAPTER 5

A Novel Chloride-Based Copper-Cerium Redox

Flow Battery for Renewable Energy Storage

5.1 Introduction

Among various redox flow batteries (RFBs), the concept of a cerium based
redox flow battery has resulted from the high positive standard potential of the
Ce**/Ce*" pair (between +1.28 and +1.72 V vs. NHE) [1-3]. The zinc-cerium [4,5],
cerium-hydrogen [6], vanadium-cerium [7,8] and cerium-lead [9] cells, with a
Ce’*/Ce*" pair as the positive electrode active material, have been extensively studied.
Na et al. developed a novel cerium-lead redox flow battery that used Ce(IV)/Ce(III)
and Pb(I1)/Pb redox couples in methanesulfonic acid supporting electrolyte [9]. Lead
is a toxic metal and may pollute the environment when the electrolyte is disposed of
after usage. Although the methanesulfonic acid increased the solubility of the cerium
species, it increases the cost of the flow battery [10]. G. Nikiforidis et al. studied the
electrochemical activity of the Ce’*/Ce*" in the presence of various mixed acid
electrolytes employing methanesulfonic acid as the base electrolyte along with
hydrochloric, nitric and sulfuric acid. The results revealed that methanesulfonic acid
(CH3SO3H) coupled with hydrochloric acid as the supporting electrolyte had better

redox reversibility and reduction current density than pure CH;SO;H [11].

The all-copper redox flow batteries are more attractive because of the reason
that copper is earth-abundant, non-toxic and cheap. Another advantage of using

Cu/Cu®" redox couple is that Cu®” jons are highly soluble in water [12]. In
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copper-based redox flow batteries, the hydrogen evolution reaction (HER) is a poor
side reaction due to the very high hydrogen overvoltage (~—0.60 V) of metallic copper
[13]. As a result, the coulombic efficiency for copper deposition and stripping is

almost 100% [14].

In this work, we report a novel chloride-based copper-cerium redox flow
battery system that uses a Ce(IV)/Ce(III) redox couple in the positive half-cell and a
Cu/Cu(IT) redox couple in the negative hall-cell to combine the advantages of both
cerium and copper-based redox flow batteries. None of the previous works in
copper-cerium RFBs have used chloride-based electrolytes for both half cells. The
positive and negative electrolytes were separated by the self-made anion exchange
membrane. Preparation of the membrane and its properties has been discussed in

chapter 3.

Anion Exchange
Membrane

CeCIa

Graphite Electrode
Graphite Electrode

Fig. 50 Schematic representation of the Cu-Ce system.
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At the positive electrode of the copper-cerium flow battery, the primary reaction
during charging is the oxidation of the Ce(IlII) to form Ce(IV).

Ce’™ = Ce™+e¢ E’°=128Vvs. SHE[I5]...... (5.1
For the negative side, the cupric ions (Cu*") are reduced to copper metal (Cu’).
Cu¥'+2e¢ 2Cu E’=034V ... (5.2)
The overall reaction of the copper-cerium flow cell is:
2™ +Cu* = 2Ce" +Cu Ea=094V ... (5.3)

The reactions indicate that during the charging process, Cu’" is
electrodeposited as Cu at the negative electrode and Ce’" is oxidized to Ce*" at the
positive electrode. During the discharge, the above electrochemical reactions are
reversed. The theoretical voltage of the copper-cerium redox flow battery is 0.94 V,
which is greater than that of the all-copper flow battery (~0.7 V) [16,17]. A schematic

diagram of the battery system is shown in Fig. 50.
5.2 Experimental details

5.2.1 Chemicals

Cupric chloride dihydrate (CuCl,. 2H,0) and cerium(III) chloride heptahydrate

(CeCls. 7TH,0) were obtained from Sigma Aldrich.
5.2.2 Electrolyte preparation

The positive electrolyte is an aqueous solution of 1 M copper(Il) chloride
(CuCly) and the negative electrolyte is an aqueous solution of 1 M cerium(III)

chloride (CeCls).
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5.2.3 Cyclic voltammetry

CV analysis was performed for both positive and negative electrolytes at a scan
rate of 50 mV s~' using the same experimental set-up as described in chapter 3

section 3.2.4.

5.2.4 Battery performance

A schematic diagram of the flow-cell arrangement used for the experimental
studies is shown in Fig. 51 and the cell set-up is same as described in chapter 3
section 3.2.5. The concentration of negative and positive electrolytes was 1 M CuCl,
and 1 M CeCls, respectively. The charging (coulombic) efficiency of the
copper-cerium redox flow cell was evaluated by charging and discharging the cell for

1800 seconds at a constant current of 25 mA cm™.

Graphite

/ N\

AEM

Fig. 51 The standard two-electrode setup for charge-discharge measurements.
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5.3 Results and discussion

5.3.1 Cyclic voltammograms

The cyclic voltammogram of 0.085 M copper(Il) chloride on a graphite sheet
working electrode in the range between —0.8 to 1.25 V vs. Ag/AgCl at the scan rate of
50 mV s ' is shown in Fig. 52. In this figure there is a cathodic peak (c,) at 0.05 V
and a corresponding anodic peak (a;) at 0.62 V, indicating a reversible cupric-cuprous
(Cu®™ to Cu") redox process at the electrode surface. The deposition/stripping of
elemental copper on the electrode surface is shown by the cathodic peak (c;) at
—0.26 V and the corresponding anodic peak (a;) at 0.31 V. The cyclic voltammogram
of 0.085 M cerium(III) chloride on a graphite sheet working electrode in the range
from 0.0 V to 2 V vs. Ag/AgCl at the scan rate of 50 mV s ' is shown in Fig. 53. In
this figure, the anodic and cathodic peaks of Ce(IV)/Ce(Ill) couple are observed at
1.31 V and 0.98 V, respectively. The anodic peak corresponds to the oxidation of Ce**
to Ce*" and the cathodic peak to the reduction of Ce*" to Ce** [18]. By averaging the
oxidation and reduction peak potentials, formal potentials for Cu/Cu(Il) and
Ce(IV)/Ce(III) redox couples are estimated to be 0.18 V and 1.15 V vs. Ag/AgCl,

respectively.
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Fig. 52 CV of 0.085 M copper(II) chloride at a scan rate of 50 mV s .
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5.3.2 Charge-discharge cycle performance

The charge-discharge measurement of the Cu-Ce RFB employing 1 M
copper(Il) chloride aqueous solution as negative active species and 1 M cerium(III)
chloride aqueous solution as positive species was evaluated with constant-current
charge-discharge measurements. Fig. 54 represents the charge-discharge curves for 30
repeated cycles. Fig. 55 shows the 15" charge-discharge curves at 25 mA cm 2. The
Fig. 54 shows that the electrochemical performance of the battery is relatively stable.
The curves are identical with an average charge voltage of approximately 1.43 V and

discharge voltage of 0.87 V.

::}rrrfnrrrfr'rrrWr'(frrrrrr'rr'wn
M |

Time (s)

Fig. 54 Cell potential vs. time response for 30 cycles of the copper-cerium RFB at
25 mA cm °.
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Fig. 55 Charge-discharge curves during 15" cycle of copper-cerium RFB at
25 mA cm .

Galvanostatic charge-discharge experiments were performed at CuCl,
concentrations of 1M, 3 M and 5 M, at a current density of 25 mA cm 2. The
experiments were also performed at current densities of 15, 25 and 50 mA cm 2, for
1 M CuCl. In all of the above experiments, the concentration of CeCl; was 1 M. The
results of the above experiments are summarized in Tables 8 and 9. Table 8 shows
that as the concentration of CuCl, increases from 1 to 5 M, the average discharge
voltage decreases from 0.87 V to 0.74 V. The coulombic efficiency (CE) remains
nearly constant at 99%, indicating the high anion selectivity of the membrane used
and low hydrogen evolution during charging process. The decrease in energy
efficiency (EE) from 60.22% to 56.82% is primarily due to a loss in voltage efficiency
(VE) caused by increased electrolyte resistance arising from increased electrolyte

concentration [19].
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Table 8 Cu-Ce RFB performance as a function of CuCl, concentration at a current

density of 25 mA cm °.

CuCl, ocv Avg. Avg. CE VE EE
(M) V) charge discharge (%) (%) (%)
voltage (V) | voltage (V)
1M 1.22 1.43 0.87 99 60.83 | 60.22
3M 1.01 1.38 0.81 99 58.6 58.01
5M 0.9 1.34 0.74 99 57.4 56.82

Table 9 shows that when the current densities increases from 15 to
50 mA cm 7, the voltage efficiency decreased from 69.23% to 45.06%. The reduction
in VE may be attributed to mass transport limitation effects at higher current
densities [9,20,21]. However, a constant CE of ~99% was obtained at all current
densities. The EE reaches the highest value of 68.53% at 15 mA cm >, while the EEs
were found to be 60.22% and 44.6% for current densities of 25 mA cm* and
50 mA cm %, respectively. The results indicate that current density influences RFB
performance and that a moderate current density may be favorable for getting a high

EE [9].

Development of High Performance Redox Flow Batteries for Energy Storage 117



Chapter 5 A Novel Chloride-Based Copper-Cerium Redox Flow Battery
For Renewable Energy Storage

Table 9 The electrochemical performance of Cu-Ce cell with 1 M CuCl, and 1 M

CeCls run at different charge/discharge current densities.

%z;;?tr;t OCV | Avg. charge disﬁr\llglrge CE VE EE
0) 0] 0]
(mAcm? | M) | voltage (V) | iiage vy | () (%) | (%)
15 1.25 1.3 0.9 99 69.23 | 68.53
25 1.22 1.43 0.87 99 60.83 | 60.22
50 1.1 1.62 0.69 99 45.06 | 44.6

From Fig. 54, the coulombic, voltage and energy efficiencies were calculated
and the values obtained are plotted against the cycle number in Fig. 56. As shown in
figure, the Cu-Ce RFB showed no decrease for coulomb efficiency (99%), voltage
efficiency (60.83%) and energy efficiency (60.22%) on repeated charge-discharge
cycles at 25 mA cm > In all the cycles, the average coulombic efficiency was around
99%, showing that the products formed during battery charge return to their original

state during discharge.
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Fig. 56 Efficiency of the cell with 1 M CuCl, under the current density of
25 mA cm .

5.4 Conclusions

In this work, a novel chloride-based copper-cerium redox flow battery system
that uses Ce(IV)/Ce(Ill) and Cu/Cu(Il) redox couples separated by a self-made anion
exchange membrane has been demonstrated. The positive and negative electrodes
were made from densified graphite sheets and the performance of the test cell was
assessed using repeated constant current charge-discharge experiments. The cell
delivered an average discharge voltage of ~0.87 V at 25 mA cm >, with a high
average coulombic efficiency of 99%, voltage efficiency of 60.83% and energy
efficiency of 60.22%, over 30 cycles at 298 K. During charge-discharge cycles, only
chloride ions move between the anode and cathode compartments through an anion
exchange membrane, preventing cross-contamination of electroactive materials and

improving battery life and the performance.
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The effect of concentration and current density on cell performance was also
examined using galvanostatic charge-discharge cycles at various electrolyte
concentrations (1 M, 3 M and 5 M) and at various current densities (15, 25 and
50 mA cm %). When the concentration is increased from 1 M to 5 M, the average
discharge voltage reduces from 0.87 to 0.74 V, while the coulombic efficiency (CE)
remains practically constant (99%). The strong anion selectivity of the AEM is
confirmed by the high coulombic efficiency. However, when the electrolyte
concentration increases, the energy efficiency (EE) values decline from 60.22% to
56.82%, due to the decreased voltage efficiency (VE) caused by increased electrolyte
resistance. The coulombic efficiency remained nearly unchanged when current
densities were increased from 15 to 50 mA cm . However, voltage efficiency
decreased from 69.23% to 45.06% and energy efficiency decreased from 68.53% to
44.6%. The results reveal that operating conditions have a significant impact on cell
performance and the Cu-Ce RFB can perform well at low concentrations and low
current densities. The overall results show that Cu|CuCL||CeCl4|CeCl; redox flow
battery, in which the two electrolyte solutions are separated by an anion exchange

membrane, could provide a new perspective for renewable energy storage.
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CHAPTER 6

Summary and Conclusions

6.1 Summary and Conclusions

The thesis is divided into seven chapters, with a summary and conclusions
chapter. In the following sessions, the summary of each chapter and the conclusions

reached are briefly discussed.

6.1.1 Chapter 1: Introduction

The first chapter in this thesis presents a description about current energy
resources, classification of energy sources, necessity of energy storage, batteries and
their classifications, introduction and classification of flow batteries, electrochemistry
of flow battery, advantages and disadvantages of flow batteries, structure, design and
components of flow batteries, performance of redox flow batteries, types of redox
flow batteries, limitations of hybrid redox flow batteries, objectives of the present

work and thesis layout.

6.1.2 Chapter 2: Experimental Techniques

The second chapter discusses the various experimental techniques and
methods used to characterize the redox flow batteries developed in this study. The
working principles of the techniques are briefly explained here. Cyclic voltammetry,
galvanostatic charge-discharge, electrochemical impedance spectroscopy and SEM

techniques were used to analyze and characterize the flow batteries.
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6.1.3 Chapter 3: A dendrite free Zinc-lron hybrid redox flow battery for
renewable energy storage

The third chapter describes a dendrite-free zinc-iron redox flow battery
employing Zn/Zn(Il) and Fe(Ill)/Fe(Il) redox couples as positive and negative redox
systems, respectively, separated by a self-made anion exchange membrane (AEM).
This chapter explains the preparation of an anion exchange membrane and its
properties. For 30 charge-discharge cycles, the battery provides a good discharge
voltage of around 1.34 V at 25 mA cm 2, with a coulombic efficiency (CE) of 92%,
voltage efficiency (VE) of 85%, and energy efficiency (EE) of 78.2%. Repeated
charge/discharge cycles reveal no degradation in performance, indicating excellent
stability of the system. The present Zn-Fe hybrid redox flow battery has a significant
advantage is that no zinc dendrite growth was observed on the electrode after repeated
charge-discharge cycles, which was a major drawback in many previously reported

zinc-based flow batteries.

6.1.4 Chapter 4: Improvement in the Performance of Fe/Fe?* Electrode in an

All-Iron Redox Flow Battery by the addition of Zn®* ions

All-Iron redox flow batteries are a good choice among RFBs since iron is the
second most abundant metal in the earth's crust and is both inexpensive and
environmentally favorable. Low charging efficiency and the parasitic hydrogen
evolution reaction (HER) of the negative Fe/Fe*™ electrode, self-discharge due to
electrolyte cross-over and poor cycle life (due to ferric hydroxide precipitation) are
the major technical challenges that must be overcome for all-iron redox flow batteries
to be commercialized successfully. An all-iron redox flow battery with Fe/Fe(Il) and

Fe(Ill)/Fe(Il) redox couples separated by a self-made anion exchange membrane is
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described in this paper. The effect of Zn>* ions on the electrochemical performance of
Fe/Fe(Il) redox couples was also investigated. The cell containing 0.03 M ZnCl, has
higher coulombic efficiency, voltage efficiency and energy efficiency (90%, 70.96%
and 63.86%, respectively) than the cell without ZnCl, (80%, 62.06% and 49.64%).
The findings show that mixing small amounts of zinc with iron inhibits the hydrogen

evolution reaction, resulting in improved cell performance.

6.1.5 Chapter 5: A novel Chloride-based Copper-Cerium Redox Flow Battery for

Renewable Energy Storage

Chapter 5 of this thesis describes a copper-cerium redox flow battery, which
employing Cu/Cu(Il) and Ce(IV)/Ce(Ill) redox pairs as positive and negative redox
systems separated by a self-made anion exchange membrane. The RFB uses
kinetically favorable reactions and provides an appropriate discharge voltage of
around 0.87 V, with a high average coulombic efficiency of 99% voltage efficiency of
60.8% and energy efficiency of 60.2% over 30 charge-discharge cycles at
25mA cm . The low-cost active materials, high cell performance and excellent
capacity retention make the Cu-Ce flow battery a promising candidate for large-scale
application for power storage. The results of this study may open up new possibilities

for the use of alternate redox couples in redox flow batteries.
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CHAPTER 7

Recommendations

7.1 Recommendations for future studies

Nowadays, there is a widespread demand to utilize renewable energy sources in
order to reduce the greenhouse effect and the resulting climate changes. Battery storage
systems are one of the key solutions to store energy harvested from renewable energy
resources in power systems worldwide. Hence, in the current scenario of energy
transition, there is a need for developing efficient, safe and affordable battery systems to
store energy harvested from renewable energy resources. Redox-flow batteries are ideal
choices for cost-effective stationary storage, especially when long discharge and storage
times are required. The design and development of novel, efficient redox flow batteries
employing various electroactive materials is now being researched extensively. In this
work, we have fabricated various redox flow batteries by combining different
electroactive species and studied their performance using charge-discharge experiments.
In these redox flow batteries, a self-made anion exchange membrane was used as a
separator for the electrolytes. The following are recommendations for future work, based

on the results of this thesis work.

1. More research are needed to improve stability and performance of the redox flow
cells on repeated long charge-discharge cycles by careful selection and

optimization of cell components.
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2. The stability and conductivity of the anion exchange membrane are critical
components for long term use of the redox flow batteries. Hence, a systematic
study of the long term stability of the membrane during repeated charge-discharge
cycles are to be done for each redox flow systems.

3. The present work used a heterogeneous anion exchange membrane as a separator.
In future, it would be more desirable to develop homogeneous anion exchange
membranes as separators in redox flow systems due to its higher stability and easy
methods for production on large scale.

4. In some redox flow systems, hydrogen evolution is a parasitic reaction, which
reduces the coulombic efficiency of the cell. Hence, more effective methods are to

be developed for the complete suppression of hydrogen evolution reaction.
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develop renewable energy technologies based on wind, solar power, and so
on. Redox flow batteries (RFB) are receiving wide attention as scalable energy-
storage systems to address the intermittency issues of renewable energy
sources. However, for widespread commercialization, the redox flow batteries
should be economically viable and environmentally friendly. Zinc based batte-
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and zinc metal has a moderate specific capacity of 820 mA hg™ ' and high volu-
metric capacity of 5851 mA h cm >. We herein report a zinc-iron (Zn-Fe)
hybrid RFB employing Zn/Zn(II) and Fe(II)/Fe(III) redox couples as positive
and negative redox systems, respectively, separated by a self-made anion
exchange membrane (AEM). The battery delivers a good discharge voltage of
approximately 1.34 V at 25 mA cm ™2, with a coulombic efficiency (CE) of 92%,
voltage efficiency (VE) of 85% and energy efficiency (EE) of ~78% for
30 charge-discharge cycles. Repeated galvanostatic charge/discharge cycles
show no degradation in performance, confirming the excellent stability of the
system. A key advancement in the present Zn-Fe hybrid redox flow battery
with AEM separator is that no dendrite growth was observed on zinc electrode
on repeated charge-discharge cycles, which was the serious drawback of many
previously reported zinc based redox flow batteries.

KEYWORDS

anion-exchange membrane, dendrite growth suppression, energy storage, redox flow
battery, renewable energy, zinc deposition

1 | INTRODUCTION

new technologies for energy production from renewable
energy sources, such as wind, solar, and so on. However,

Global climate change resulting from greenhouse emis-
sions is causing increasingly severe risks for ecosystems,
human safety and health. This combined with the large-
scale demand for electricity expected during the coming
decades has aroused great interest in the development of

these renewable energy sources are intermittent in nature
and hence the success of these new renewable energy
harvesting technologies needs to be associated with the
introduction of competitive energy storage devices for grid
scale energy storage. Unlike traditional batteries, the
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redox flow batteries (RFBs) are attractive electrochemical
systems which store energy in two electrolyte solutions
comprising of different redox couples separated by an ion-
exchange membrane (IEM).'® Among various traditional
flow battery systems, the hybrid flow batteries involve the
deposition of a metal coating on at least one of the elec-
trodes.*® The main advantages of RFBs over other battery
systems are their safety, moderate cost, modularity, trans-
portability and flexibility in charge-discharge cycles.””
Unfortunately, the inadequate ionic selectivity of the exis-
ting IEMs leads to undesired crossover of redox species
between negative and positive electrolytes through the
membrane. This results a permanent loss of both coulom-
bic efficiency (CE) and battery capacity and will lead to
overall performance degradation of RFBs.>'%"?

There are many redox flow batteries under develop-
ment and among which the vanadium redox flow battery
(VRFB) reported by Skyllas-Kazacos et al. at the Univer-
sity of New South Wales (UNSW), Australia is considered
as most successful RFBs to date but its commercialization
is hindered mainly by the high costs of vanadium salts
and perfluorosulfonic acid (PFSA) membrane.'*"'® Other
RFBs that uses low-cost redox materials are all-copper,'”~
20 all-iron*"** and all-lead®* > RFBs, but all these sys-
tems have low performances. Due to slow kinetics of
Cu/Cu(I) redox couple, all-copper RFBs have low energy
efficiency and low cell voltage.'”*® In all-iron RFBs, the
standard redox potential of Fe*"/Fe (—0.44 V vs SHE) is
more negative than that of hydrogen evolution reaction
(HER) and lower hydrogen overpotential of iron causes
hydrogen evolution and coulombic losses.?”

Zinc-based redox flow batteries are generally more
attractive due to favorable electrochemical properties of
zinc such as its low cost, fast electrode kinetics, negative
electrode potential (E° = —0.76 V vs SHE) and high over-
potential for the hydrogen evolution reaction (HER).>***
A Zn-Fe flow battery system reported by Selverston et al.
used mixed zinc-iron electrolytes and porous separator
in place of expensive ion-exchange membranes.’’ Gong
et al. reported a zinc-iron RFB based on double-
membrane triple electrolyte design.*® Yuan et al. reported
a battery that employs Zn(OH),* /Zn and Fe(CN)s>~/Fe
(CN)¢*"as the negative and positive redox couples,
respectively, while a self-made polybenzimidazole (PBI)
membrane was used as a separator. Xie et al. reported an
energy efficiency of 71.1% over 50 cycles for a zinc-ferrum
redox flow battery (Zn/Fe RFB) employing an ion
exchange membrane as a separator.>* Wu et al. developed
a chloride acid-based tin-iron hybrid flow battery with
good rate and cycle performance.*>*® Wang and co-
workers developed a zinc-polyiodide flow battery and
reported high energy density.*” During the charging pro-
cess of Zn based flow batteries, zinc dendrites form and

ultimately pierce the separator, causing a short circuit
and battery failure.’’*° Additionally, zinc dendrites can
easily fall from anodes, reducing efficiency, capacity and
life time of the cell.*' As a result, inhibiting the formation
of zinc dendrites is essential for the successful commer-
cialization of zinc based RFBs. Researchers have recently
focused their efforts on modifying the electrolyte, anodes,
electric field, and rate of zinc ion transfer to solve zinc
dendrite formation.*”?° To prevent negative effects of
zinc dendrites on the performance and lifetime of zinc-
based batteries, the separator should also have good
mechanical stability to prevent the direct contact of the
anode and cathode.*? Thus, developing a high efficiency,
dendrite free zinc based RFB electrical energy storage
system having negligible crossover of the electroactive
materials between the anode and cathode compartments,
is an important goal towards widespread use of renew-
able energy sources.

Herein we report a novel zinc-iron hybrid redox
flow battery (Zn/Fe hybrid RFB), in which Zn/Zn
(IT) and Fe(II)/Fe(III) redox couples act as negative
and positive redox materials and the two redox couples
are separated by a self-made anion exchange mem-
brane. Both zinc and iron are the two advantageous
elements for energy storage due to their low cost and
high abundance.>® The ferric/ferrous chloride redox
pair, which has been used in a variety of flow battery
systems, is promising as an active material on the posi-
tive side due to its rapid kinetics.?’ Electrodes were
densified graphite sheets and cell housings were made
of acrylic sheets. A schematic representation of the Zn-
Fe hybrid redox flow battery is shown in Figure 1. The
electrochemical reaction through which Zn-Fe RFB
stores and releases electricity can be expressed by fol-
lowing reactions:

Atanode: Zn®'+42e” =7Zn E°=-0.76V (1)

Atcathode: 2Fe*" =2Fe’t4+2¢e- E°=+40.77V (2)

The overall reactionis:  Zn*" 4+2Fe’" = Zn+ 2Fe*"
E°=1.53V (3)

During the charging process, the Fe(Il) ions at the
positive electrode release the electrons, and get oxidized
to Fe(II) ions; the Zn(II) ions at the negative electrode
acquire these electrons from the external circuit, and
electrodeposits onto the electrode as metallic Zn. The
chloride ions move through the anion-exchange mem-
brane from zinc compartment to the iron compartment,
to maintain charge neutrality. During the discharge, the
above electrochemical processes are reversed. At the
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FIGURE 1
flow battery

Schematic of a Zn-Fe

positive electrode, the Fe(IT)/Fe(III) redox couple have
good solubility in acidic media and exhibits facile kinet-
ics.®® At the negative electrode, the Zn/Zn(II) redox cou-
ple also exhibit fast kinetics and has high overpotential
for hydrogen evolution reaction.

2 | EXPERIMENTAL

2.1 | Chemicals

All chemicals were of reagent grade and the electrolytes
were prepared with deionized water. Iron(IT) chloride
tetrahydrate (FeCl,-4H,0), iron(III) chloride (FeCls),
ammonium chloride (NH,4Cl) and zinc chloride (ZnCl,)
were obtained from Merck India.

2.2 | Preparation of electrolyte

1M Zn/Zn(Il) electrolyte is prepared by dissolving
Zn(IT) chloride in deionized water (pH = 5.8). The posi-
tive electrolyte is a mixture of 0.5 M FeCl, and 0.5 M
FeCl; with 2 M NH,CI in deionized water (pH = 1.7).
The NH,4Cl was added to the positive electrolyte as a
supporting electrolyte in order to improve conductivity of
the solution.

Anion Exchange
Membrane
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FeCl3

Preparation of anion-exchange

2.3 |
membrane

The anion-exchange membrane was prepared by con-
densing guanidine carbonate with formaldehyde followed
by cross-condensation with melamine. The dried powder
was mixed with a polymer powder as a binder and made
in to a homogeneous suspension and converted in to
membrane by solvent casting method. The prepared
membranes were highly flexible and had a thickness of
~120 pm. The prepared membranes exhibited hydroxide
ion conductivity around 80 mS™' at room temperature.
The ion exchange value of the membrane was 1.2 mmol/
g. To study the alkaline stability, the membranes were
kept immersed in 2 M NaOH at room temperature for
2 weeks. The FT-IR and weight loss measurements of the
washed, dried membrane after alkali treatment show no
signs of degradation and weight loss indicating high alka-
line stability. Figure 2 shows the SEM images of the
membrane. More details about the membrane will be
published elsewhere.

24 | Cyclic voltammetry

Cyclic voltammetry (CV) experiments were conducted in
a three-electrode cell as shown in Figure 3, using a
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FIGURE 2

Working Reference Counter
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FIGURE 3 The electrochemical set-up of a three-electrode cell

potentiostat/galvanostat (Autolab PGSTAT, Metrohm
50519) instrument. A graphite sheet, platinum sheet and
an Ag/AgCl electrode were used as working, counter
and reference electrodes, respectively. The CV was mea-
sured from —1.6 to —0.2'V vs Ag/AgCl reference elec-
trode using 0.085 M ZnCl, as the electrolyte at a scan rate
of 50 mV/s. The measurement was performed at room
temperature.

2.5 | Battery test

The redox flow battery consists of a reaction chamber
(cell) and two reservoirs to store electrolytes exter-
nally. The cell was made of acrylic sheet and the posi-
tive and negative electrodes were densified graphite
sheets with an area of 16 cm® and thickness of 2 mm.
The negative and positive electrodes were separated by
the self-made anion-exchange membrane. The total
volume of each compartment of the «cell is
3cm x 3cm x 1 cm. The negative electrolyte of this
zinc-iron flow cell consisted of 1 M ZnCl, and the

(A-C) The SEM images of the membrane and (D) cross-sectional image of membrane

positive electrolyte is a mixture of 0.5M FeCl, and
0.5M FeCl; with 2M NH,CI. The electrolytes were
stored in two external reservoirs (each of 75 mL vol-
ume). Both positive and negative electrolytes were cir-
culated through the cell using two peristaltic pumps.
The cell performance was measured under a constant
current charge-discharge measurement using an Auto-
lab PGSTAT (Metrohm 50519 with NOVA 1.11 soft-
ware) instrument connected to a PC. The charge-
discharge measurements were carried out using a stan-
dard two-electrode setup as shown in Figure 4, in
which the graphite sheets act as both working elec-
trode and counter electrode, respectively.

The charge-discharge experiment of the zinc-iron
redox flow cell is performed by charging the cell at a
constant current of 25mA cm > for 1800 seconds
followed by discharge at the same current, until the cell
reached a voltage of 0.0 V to completely strip off any
deposited zinc. The cell parameters like coulombic effi-
ciency (CE), voltage efficiency (VE) and energy effi-
ciency (EE) of the battery are calculated using the
following equations*:

t
CE= t—d x 100% (4)
c
1%
VE =—%x 100% (5)
Ve
EE=VE x CE (6)

Here t; represents the discharge time; f. represents the
charge time; V,; represents the average discharge voltage;
and V. represents the average charge voltage.

2.6 | Zn electrodeposit characterization
Electrodeposits are analyzed using scanning electron
microscope (JEOL-JSM 6390 JED 2300 scanning
electron microscope).
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FIGURE 4 The standard two-
electrode setup for charge-discharge
measurements
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3 | RESULTS AND DISCUSSION

3.1 | Cyclic voltammograms

A cyclic voltammogram of 0.085 M electrolyte of ZnCl,
on a graphite sheet working electrode in the range of
—1.6 to —02V (vs Ag/AgCl) at the scan rate of
50 mV s~ ' is shown in Figure 5. From figure, it is clear
that the cathodic peak at —1.28 V corresponds to the elec-
trodeposition of zinc and the anodic peak at —0.74 V cor-
responds to the dissolution of zinc to the solution.

3.2 | Battery performance

The performance of a Zn-Fe RFB employing 1M
Zn(IT) chloride aqueous solution as negative active spe-
cies and 0.5 M FeCl, and 0.5 M FeCl; with 2 M NH,CI
aqueous solution as positive species was evaluated with
constant-current charge-discharge measurements.
Figure 6 represents the characteristic charge/discharge
curves during the 15th cycle at 25 mA cm™ % This curve
was obtained from 30 minutes of charging followed by
30 minutes of discharging under a current density of
25 mA cm 2 using graphite electrodes. It shows a rela-
tively flat voltage profile for charge and discharge pro-
cess. The charge-discharge measurements were repeated
over 30 cycles and are shown in Figure 7. The cycling
studies at 25 mA cm > revealed good stability of the

0.0015 -

Oxidation of Zn to Zn(II)
0.0010 -
0.0005 -
<
c
©  0.0000 -
=
O
-0.0005
-0.0010 Reduction of Zn(II) to Zn
A8 A6 A4 42 A0 08 05 04 02 00
Potential (V) (vs Ag/AgCl)
FIGURE 5 CV of 0.085 M ZnCl, on a graphite electrode at the

scan rate of 50 mV s~

battery, without any evidence of degradation. The curves
are identical with a charge voltage of approximately
1.59 V and a discharge voltage of 1.34 V.

Any crossover of Fe*"/Fe*" through the membrane
to the anodic compartment will result in a gradual fading
of coulombic efficiency on repeating the charge-discharge
cycles.*** However, this phenomenon is not observed in
the present redox flow system indicating that the cross-
over of Fe*"/Fe*"does not occur appreciably. This may
be due to the good cation-blocking ability of the anion
exchange membrane. In this case, during charging,
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excess chloride ions left in the anode compartment move
towards cathode compartment through the membrane
for electrical neutrality. During discharge process, oppo-
site changes take place. When we repeated the experi-
ments with a porous PVC membrane instead of an AEM,
dendrite formation was observed on zinc electrodes even
on first charging step. When an AEM is used, only chlo-
ride ions can diffuse from anode compartment to the
cathode compartments through the AEM, during charg-
ing. From the above observations it clear that selective
migration of chloride ions has a strong influence on the
uniform deposition of the zinc. Similar results of suppres-
sion of dendrite formation in zinc RFBs with different

kinds of membranes have been reported by many other
groups.‘m’46

The dependences of cell performance on concentra-
tion and current density were also investigated by per-
forming the galvanostatic charge-discharge measurement
at different electrolyte concentrations (1 M, 3 M and 5 M)
and at different current densities (15, 25 and
50 mA cm2). The results are tabulated in Table 1 and 2.

From Table 1, it is found that the average dis-
charge voltage decreases from 1.34 to 1.01V on
increasing concentration of ZnCl, from 1M to 5M,
while the coulombic efficiency (CE) remains nearly
constant at ~92 to 90%, which indicates the high anion
selectivity of the membrane. A higher CE compared to
that of the cells reported by other researchers is
mainly due to the negligible crossover of Fe’' ions
through AEM used in our redox flow battery. This
result also confirms the high anion selectivity of our
anion exchange membrane when used as a separator
in Zn-Fe redox flow battery. The decrease in energy
efficiency (EE) values from 78.2% to 53.46% with
increase in electrolyte concentration is mainly due to
the decreasing voltage efficiency (VE) arising from the
increased electrolyte resistance.*”**

The electrochemical performance of the Zn-Fe system
with 1 M ZnCl, at different current densities (such as
15, 25, and 50 mA cmfz) is given in Table 2. The coulom-
bic efficiency is mainly influenced by three key factors:
temperature, current and state-of-charge. The relation-
ship between charge or discharge currents and coulomb
efficiency can be expressed by the Peukert equation.*
This states that the overall battery capacity or the total
energy supplied by the battery, decreases disproportion-
ately as the discharge current rises.

Qi (I o
o (5) 7

where I, is discharge current, Iy is base current, Q, is the
capacity discharged by I; and Qy is the capacity dis-
charged by base current Iy. The equation relating inter-
nal resistance, discharge current and energy efficiency
can be written as

1-n
Id) Ve—Rilg (8)

Hw = Ilcrlv = <E Va+Ril,

From Equations (7) and (8), it is clear that the internal
resistance and discharge current values are obviously two
key factors that reduce energy efficiency. Reducing inter-
nal resistance and maintaining an optimum charge and
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TABLE 1 Zn-Fe RFB performance as a function of ZnCl, concentration at a current density of 25 mA cm ™2
ZnCl, (M) OCV (V) Avg. charge voltage (V) Avg. discharge voltage (V) CE (%) VE (%) EE (%)
1M 1.44 1.58 1.343 92 85 78.2
3M 1.31 1.65 1.138 92 68.9 63.38
5M 1.09 1.7 1.01 90 59.4 53.46
TABLE 2 The electrochemical performances for Zn-Fe cell with 1 M ZnCl, run at different charge/discharge current density
Current density (mA cm ?) OCV (V) Avg. charge voltage (V)  Avg. discharge voltage (V) CE (%) VE (%) EE (%)
15 1.52 1.55 1.4 90 90 81
25 1.44 1.58 1.343 92 85 78.2
50 1.38 1.71 1.27 92 74 68.08
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FIGURE 8 Efficiency of the cell with 1 M ZnCl, under the

current density of 25 mA cm >

discharge current will help to increase the energy
efficiency.

From charge-discharge plot, the coulombic, voltage
and energy efficiencies were calculated and plotted vs
cycle number in Figure 8. From the figure, it is clear that
the Zn-Fe RFB shows no decrease of coulomb efficiency
(92%), voltage efficiency (85%) or energy efficiency
(78.2%) on 30 repeated charge-discharge cycles at
25 mA cm 2. The average coulombic efficiency of about
92% in all the cycles indicates that the products formed
during battery discharge return almost completely to
their initial conditions on charging. Low coulombic effi-
ciency in aqueous electrolytes is generally attributed to
the side reactions due to water electrolysis.” The standard
reduction potential of zinc in acid media is —0.76 V vs
the standard hydrogen electrode (SHE). During the
charging process, proton or water reduction leading to H,

200 -

180 $4644040040000000404404004004
*
—
S
<L
E 10
2
()
&
Q
[+ 140
(8
120
100 n T * T T T J T . T ” T
0 5 10 15 20 25 30
Cycle number
FIGURE 9 Discharge capacity vs number of cycles at a current

density of 25 mA cm™>

evolution is the preferred reaction, thermodynamically.
However zinc is a relatively poor electrocatalyst for the
H, evolution and hence high overpotential of zinc for
hydrogen evolution increase the overall cell efficiency by
suppressing hydrogen evolution reaction.®®  After
repeated charge-discharge cycles, no appreciable changes
in pH were observed. Hydrogen evolution reaction
(QH" + 2¢~ — H, (g)) is a side reaction that decrease the
efficiency of many redox flow batteries. This will also
increase the pH of the anolyte. Higher coulombic effi-
ciency and near consistency of the pH values after many
charge-discharge cycles indicates that the hydrogen evo-
lution on the anode is negligible in the present system.
The cell capacity is also calculated for each discharge
cycles at a current density of 25 mA cm ™2 and plotted vs
cycle number in Figure 9. From the figure, it is clear that
the discharge capacity is almost constant even after
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30 charge-discharge cycles. No zinc dendrite formation
was observed on increasing the current densities to
15, 25, 50, 100 and 150 mA cm ™.

3.3 | SEM Analysis

The deposition of a uniform, thick zinc layer onto an
inert current collector has become a necessity in all zinc-
based redox flow batteries. Figure 10 shows SEM micro-
graph of zinc electrodeposit obtained during the charging
phase of the zinc half-cell under a current density of
25 mA cm 2. Visually, all the electrodeposited Zn coat-
ings were homogeneous and metallic gray. It is pertinent
to note that no dendrite growth occurs on the zinc elec-
trode which was a severe drawback of previously
reported zinc based rechargeable batteries. Absence of
dendrite growth might be due to the fact that, only the
chloride ions shuttles between two electrolyte solutions
through AEM and this probably promotes uniform zinc
deposition and prevent the dendrite growth.

4 | CONCLUSION

In conclusion, the feasibility of a Zn-Fe RFB system uti-
lizing Zn(II)/Zn and Fe(III)/Fe(II) redox couples and an
anion exchange membrane as a separator has been dem-
onstrated. Densified graphite sheets were used both as
positive and negative electrode current collectors and the

FIGURE 10 (A-D) SEM images
of zinc deposition at various
magnifications

2pm 0000 11 50 SEI

performance of the test cell was evaluated with repeated
constant current charge-discharge experiments. The cell
delivered an average discharge voltage of ~1.34V at
25 mA cm %, with a high average coulombic efficiency of
92%, voltage efficiency of 85% and energy efficiency
of 78.2% over 30 cycles at 298 K. During charge-discharge
cycles, only chloride ions shuttle between anode and
cathode compartments through AEM, which eliminates
the issue of cross contamination of electroactive materials
and thus increase the performance of the battery. From
SEM images, it was clear that the Zn coatings were
homogeneous and dendrite-free.

The dependence of cell performance on concentration
and current density was also investigated by performing
the galvanostatic charge-discharge measurements at dif-
ferent electrolyte concentrations (1 M, 3 M and 5 M) and
at different current densities (15, 25 and 50 mA cm ).
The results show that the average discharge voltage
decreases from 1.34 to 1.01 V on increasing concentration
of ZnCl, from 1 M to 5 M, while the coulombic efficiency
(CE) remains nearly constant (90-92%). Higher coulom-
bic efficiency confirms negligible hydrogen evolution side
reaction and high anion selectivity of AEM. The energy
efficiency (EE) values, however, decrease from 78.2 to
53.46% with increase in electrolyte concentration and this
is mainly due to the decreasing voltage -efficiency
(VE) arising from the increased electrolyte resistance. On
increasing the current densities to 15 to 50 mA cm ™ the
coulombic efficiency remained almost same (90-92%).
However, voltage efficiency decreased from ~90% to 74%
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and energy efficiency decreased from ~81% to 68%. The
results show that the operating conditions are crucial
impact factors for the cell performance and the Zn-Fe
RFB can exhibit good performance at low concentration
(1 M) and at low current density (15 mA cm™2). Thus, we
have successfully demonstrated working of a high effi-
ciency and stable Zn-Fe hybrid redox flow battery with
no dendrite growth during zinc deposition by optimizing
charge-discharge conditions and employing an anion
exchange membrane as separator.
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