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”Search for the Ideal Storage Battery”

"Between the actual and the ideal there is always room for development. Therefore it seems advisable that the
student become familiar with the characteristics of an Ideal Storage Battery. Then, keeping the ideal before him,
he will find it intensely interesting to read and observe the different theories advanced and the difficulties that have

been overcome in the efforts to reach the ideal.

The ideal Storage Battery is an electrolytic cell in which electrical energy may be stored as chemical energy until
ready for use. It must be capable of returning at any time, all or any part, of the electrical energy put into it; and
when emptied, the cell must be in its original condition.

To obtain this ideal battery, it is necessary to find a perfectly reversible chemical reaction whose direction and
energy relation is perfectly controlled by the electric current. That is, first, no chemical action should take place
except that which necessarily accompanies the flow of useful current when on charge or discharge; and, second,
the quantity of material whose chemical composition changes should be proportional to the quantity of electrical
energy passed through the cell.

To be ideal the cell must be of maximum commercial value. It must be durable; light in weight, compact;

sufficiently strong to stand the abuse, carelessness and negligence of a bustling world. It must be dependable:
always ready for work at full rated capacity. Therefore, it must never be laid up for repairs through deterioration or
other troubles due to short circuiting, over-charging or too rapid discharging. No expert attention should ever be
necessary and, therefore, the general care and instructions for operation should be simple. The life of the ideal
battery would of course be practically unlimited, and the cost of maintenance and the repairs negligible.”

The technical staff of the Edison Storage Battery Company (1924): The Edison Alkaline Storage Battery
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CHAPTER 1

INTRODUCTION

A rechargeable battery gives the possibility to store electrical energy into chemical energy using differ-
ent valence states of a material, which can be used reversibly through so called redox-reactions. With
the revived interest in electronic vehicles and renewable energy production technologies, the need for
cheap- and lightweight storage has never been bigger for society today. Batteries are still more ex-
pensive and have much lower energy density than fossil fuels but burning coal, gasoline or natural gas
generates unwanted greenhouse gas emissions that are a major cause of global warming. A battery in
combination with a renewable energy generation technique, as shown in figure [T.1] is a way towards a
future with a low carbon footprint, also regarding the product lifecycle [, 2].

NON TOXIC AND Wlllll'l RBUNDANT
ROCK SOLID Ill'l-l:lls‘l’ BATTERIES ﬁ
FIGURE 1.1: Envisaged residential application of E-stone batteries in combination with solar
panels connected to the grid (Used in approval from E_STONE Batteries).

Whether it is for your smartphone or laptop, the ever increasing performance requirements of elec-
tronics are and always have been a challenge for the battery industry. Energy storage is often cited
as the limiting factor for the lifetime of a portable product and today it seems to be the same case for
renewables [16].
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THE ENERGY CRISIS OF MODERN SOCIETY

2014

LCOE (€ cents, /kWh)
o b)io 20 30 40 50 60

Solar +Storage

Wind +Storage

a) . . Non-renewables
Global Technical Potential
Yearly ElJ/year Total EJ |
Solar 5.0 10* Coal
Geothermal 1.1 10° .

eee Uranium
> Wind 5.8 10?2

. ) I Gas
\) Biomass 5.0 10?2

. Ocean 3.3 10?2 - Ol
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@1 ent Energy Use 5.410° EJ/year

FIGURE 1.2: a) Global technical potential per year of renewables compared to total techni-

cal potential of conventional energy sources. b) Levelized Cost Of Electricity of renewables

and renewables plus the current cheapest residential storage alternative compared to non-
renewables (Based on IPCC calculations [1H3]).

To cope with the increasing global population, our current energy production of 5.4 102 EJagi4 over
the year 2014 must be doubled by 2050 [1}, [20]. At the same time we want to decrease greenhouse
gas emissions, our dependency on fossil fuels and above all the last mentioned is finite. Renewables
are already on the rise due to current implementation strategies worldwide and are expected to con-
tinue to increase. In 2014 only 1.3% of the total energy consumption is produced by solar- and wind
energy (~7.0 EJdyg14/year) but this could be up to 40% of the current total energy use by 2050 (~2.0
102 EJ/year) following the IPCC Cat. 1 projection [} [2]. The unlimited source of energy for powering
our planet is the sun. Direct solar energy has the largest global technical potential of 1.6 103-5.0 10*
EJ/year, shown in figure . Wind energy has a significant smaller share of 85 - 5.8 102 EJ/year.
However, wind energy production is already on an implementation track worldwide, which has led to a
Levelized Cost Of EIectricityE] (LCOE) of €3-12 centsag14/kWh, while PV still accounts for a LCOE of

"The levelized cost of electricity is an indication of all initial and daily costs of an electricity generating system
based on its lifetime. It is calculated as the per-unit price at which electricity must be generated from a specific
source over its lifetime to break even. Normally it includes only private costs, excluding the downstream costs.
In this case a range of the LCOE is given also excluding interest, taxes, depreciation and amortization, based on
IPCC calculations. The range of the LCOE is dependent of various factors: The characteristics of the technology,
size, regional variations in cost and performance and differing discount rates. The lower range takes into account
most favorable input values, while the upper range is based on a combination of the least favorable input values.
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€ 8-29 centsyg14/kWh as depicted in figure [{ 2, [21]. Having an LCOE of € 2-7 centsggos/kWh,
non-renewables are current still cheaper than renewables but prognoses are that the LCOE of renew-

ables will drop further.

The close cost-competitiveness of renewables looks promising but what often is forgotten is that solar-
and wind energy can not be stored beforehand as can be done with fossil fuel generated energy. The
wind and the sun, the fuels of renewables, blow and shine capriciously, depending on the weather, which
we do not empower. Thus a transition to a renewable energy economy will lead to daily and seasonal
intermittent and intrinsically variable generated electricity not directly in accordance with the demand of
the consumer. Currently fossil fuelled power plants already need to deal with the variable load generated
of renewables by being powered up and down. Thereby renewables decrease the operational utilization
of these plants, which can subsequently lead to increased energy production costs. On the long-term
when renewables account for a bigger share of the energy production, fossil fuel-powered plants alone
can not cope with the renewable peak power production no more.

To deal with the variable generation of electricity
by wind- and solar peak energy production tech-

niques an addition of a storage system to sustain PV Feed In Tarif (EEG)

3
of renewable energy production techniques, by 5 ,..—)

at least an increase of ~€ 23 centsyg14/kWh E| =
mostly not taken in consideration as shown in fig- y—(“"‘"ﬁaﬂ_} S q

| In us
ure and [3, 20| 22). From another per- o LS,
spective low-cost storage systems could also di-

reliability is inevitable. With the current Stationary
Energy Storage Systems (SESS) available this
will significantly affect the cost-competitiveness

Storage

B.Burger, Fraunhofer ISE, Stand 28.01.2014
Daten: BMU, EEG 2013 und BMWi Energiedaten

2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020
Jahr

minish the need for costly fluctuating energy pro-
FIGURE 1.3: Decreasing costs of electricity make

room for storage costs possibilities (Used from
future based on a low-cost nuclear energy econ- Leuthold, 2014 [4])

duction on the demand side, paving the road to a

omy [23]. Either way the SESS market is await-

2) 600 b) 15

s ther TS UPS Solar
-8 [ S % rm .
2 '§ =g Residential
= & g
= g 200 ; g Commercial
S . - . w
4 87

= 0 oE o

] ~ w

2014 2050 2014 2024

FIGURE 1.4: Global Stationairy Energy Storage System a) installed capacity (Based on prog-
noses from International Energy Agency [1]) and b) new installed capacity (Based on a Navi-
gant consultancy forecast [5]).

For more information on the input parameters | would like to refer to the special IPCC report on renewable energy
sources and climate change mitigation [2].

2The increase in costs for renewables by addition of a storage system is based on currently lowest LCOE of a
commercial battery storage system by Tesla Motors [3]
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ing massive growth and is about to take off. Following calculated outputs of renewable energy production
of F. M. Mulder et al. (2014), which is based on IPCC Cat. 1 projections, this can lead to 0.2 EJ neces-
sary daily (short term) storage and 30 EJ seasonal (long term) storage capacity by 2050 [22]. Depicted
in figure [T.4p and b are respectively the current and projected global installed energy storage capac-
ity and the installed new storage capacity by respectively the IEA and Navigant Research. In 2014
worldwide installed SESS power capacity was 1.4 102 GW (of which 99% is pumped hydro that will not
increase significantly due to geographical factors) but is expected to grow to 5.1 102 GW by 2050 lead-
ing to a quadrupling based on the breakthrough scenario of the IEA [1]. This will lead to an investment
need of €5.6 102 billion [1]. On a yearly basis the new installed SESS capacity was only 5.4 102 MW
in 2014 but is expected to grow to 21 GW in 2024, lead by the residential sector. This will cause a
worldwide revenue growth from €5.1 102 million in 2014 to € 16 billion in 2024 [5]. In comparison, the
global net coal export revenue in 2014 was € 12 billion [24].

THE SEARCH FOR STATIONARY ENERGY STORAGE SYSTEMS

The last decade intensive effort has been directed to the search of lower-cost and sustainable stationary
storage systems for load-levelling applications of electricity, on- and off-grid. Among the potential short
term storage alternatives is electrochemical storage in the form of rechargeable batteries. In contrast to
other storage alternatives, electrochemical storage does not require an inefficient energy conversion and
generates electricity operating benefits for short term storage in turn, such as instantaneous backup [23}
[25]. Yet for the greater part, electrochemical storage alternatives in the form of rechargeable batteries
separates itself as it can be implemented on small residential scale as well next to large scale grid
balancing, which is shown in figures[T-1]&[1.5] respectively. Thereby rechargeable batteries could unlock
a market niche. So far, no battery or other energy storage systems have been capable of meeting all
SESS requirements, which is mainly about the costs, while the battery industry is heavily competitive
and material intensive. Consequently, the implementation of renewable production technologies is still
conflicted.

FIGURE 1.5: Envisaged large-scale grid application of E-Stone batteries.
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Main prerequisites for a environmental-friendly stationary energy storage system are that the perfor-
mance must go up or the costs need to go down significantly, while the materials used need to be
non-toxic, environmentally benign and of excellent safe operation. Performance mainly depends
on the maturity of the product. For SESS weight is not necessarily an issue. Therefore, in contrast to
portable electronics and electric vehicles applications the essential parameter for SESS is not the weight
of the system but a prolonged and carefree lifetime, more than 15 years to be ideal for renewables with
a high round-trip efficiency. Robustness for temperature and overcharge is a plus. On the other hand,
costs mainly depend on the interest in-, availability- and abundance of the materials used and the
production techniques and maintenance required. Regarding the planned scale of implementation
of renewables and the necessity of stationary energy storage systems, the abundance of the materials
used could be a critical but maybe also a limiting parameter in the sense of sustainability.

BATTERY SYSTEMS FOR STATIONARY ENERGY STORAGE

There are several kinds of elemental combinations having a high enough difference in redox potential,
the ability to recharge and thus to be used for a rechargeable battery system. Based on performance
and abundance of materials used, the most interesting electrochemical storage options for large scale
implementation of SESS are aqueous metal-ion (Lit, Mg?T & Na™), aqueous alkali nickel-metal variants
(Cd?**, MH?* & Fe?t), lead-acid, redox flow batteries and super capacitors. However, regarding the
projected scale of growth and the distinguishable applications and market segments it is expected that
several types of stationary energy storage solutions are necessary.

The awakening search for a cheap scalable stationary energy storage system during the last decade
has led to revived attention for the NiFe system. This is primarily because weight does not have to be
an issue for stationary applications and the NiFe battery is well-known for its robustness. Nevertheless
the NiFe battery suffers from severe drawbacks, mostly at the anode, that lead to poor charging rates
and low efficiencies. In addition expensive production methods are required for the electrodes. These
drawbacks prevent the existing NiFe battery from being a viable commercial alternative.

Increasing the energy efficiency and costs of production could make the NiFe battery a viable alternative
again. Although the nickel-based electrode has excellent performance, the environmental effects, toxic-
ity and abundance of nickel are a matter of concern. Iron is non-toxic, the fourth most abundant material
in the earth crust, easily obtainable due to the huge existing steel industry worldwide and thereby com-
paratively low-cost. Either way, enhancing the performance of the iron electrode could create advances
for other iron-based batteries, such as the iron-air battery.

Since 2012 E_STONE Batteries, an Amsterdam based start-up, tailors the iron-based electrode chem-
istry by using iron(ll) sulfide (FeS) not as additive but as primary active component of the anode, while
exploring cheap upscalable production techniques. Anionic sulfur species are found to have beneficial
effects on the performance of the iron electrode [12} 26-H45].



CHAPTER 2

PROBLEM STATEMENT & APPROACH

PROBLEM STATEMENT

Concerns remain regarding the stability of FeS as basic starting material of the electrode and if the
resulting performance in terms of lifetime and efficiency are sufficient for the NiFeS battery to be an
interesting alternative within the current fast changing short term stationary energy storage market. To
define the potential of the NiFeS system, an intensive empirical and market study is necessary. The
main objectives of this thesis as shown in figure [2.1] are to:

e |dentify, combine and enhance current performance parameters of the FeS anode E-Stone Bat-
teries develops, namely the reproducibility-, stability- and maintenance parameters.

e Perform a preliminary cost analysis based on the performance of the NiFeS battery together with
an investigation into the material requirements for a complete battery system.

e Compare the NiFeS battery with viable alternatives in the current and future short term SESS

market.

RESEARCH QUESTIONS

Therefore the main question of this research will be:

Does the nickel-iron(ll)sulfide (NiFeS) battery have sufficient potential to be an interesting competitor
as Stationary short-term Energy Storage System (SESS)?

The short term SESS market is defined as < 5C charge rates. the C-rate is a measure for the power
rate. Hence, a 5C rate stands for charging a battery in 12 minutes. Critical technical performance
parameters of the FeS anode will be investigated, which are depicted in the following sub-questions:

6
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FIGURE 2.1: Representation of the goal of this research. The table shows the research pillars
of E-Stone, suggested causes and affected parameters, while the figure indicates current
and future estimates of the levelized costs of electricity of stationary energy storage system

competitors (Used from Thien et al., 2015 [6]).

RESEARCH PROPABLE CAUSE AFFECTING PARAMETER
Reproducibility Set-up, Production techmique  Costs
Cycling program, material,
Capacity Loss additive, electrolyte, production Cycle Life
= technigue
‘2 Self-Discharge at M.Mus\e.em:ww.
< |different SoC's Production technigue Ry
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Load levelling — battery storage systems  Performance Production technigque & Maintenance
- . . . . - ¢ Material, additive, electrolyte,  Safety, Mainteaance,
- Lo Production techaigue Efficiency, Robustness
F S Interest, availubility and §
s " + + E material costs abund Cuosts
5 & Production technigue  use of materials, heat Caosts
z s ¢ 1 = Maintenance result of performance Caosts
2 - | Jg Working Principle n.a. n.a.
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i » + 1 ? < W Reference
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What are currently the best obtainable stable capacity, efficiency, cycle life, to what extend is
self-discharge a limiting parameter and what are the causes under standard cycling conditions?

To investigate whether bismuth and sulfur containing additives are actual effective additives is validated
by the sub-question:

Are bismuth- and sulphur containing species necessary additives to the cell to effectively delimit the
Hydrogen Evolution Reaction, passivation of the iron and by doing so, respectively decrease the
self-discharge and capacity loss?

To appoint also the possibility to introduce the NiFeS battery for high performance applications is vali-
dated by the sub-question:

Has the nickel-Iron(ll)sulfide (NiFeS) battery also the potential to be an alternative for high
performance applications?

The high performance market is defined as >5C charge rates. Based on the identified technical perfor-
mance parameters the economic potential of the NiFeS battery as short-term SESS will be investigated
following the sub-question:

What are the minima of criteria an iron(ll)sulfide (FeS) based battery needs to meet to be an
interesting alternative?
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If the nickeldihydroxide cathode is limiting in costs, or abundance and if there are alternatives is validated
by the sub-question:

Is the toxicity, accessibility and abundance of nickel limiting and are there alternatives for the
nickeldihydroxide (Ni(OH)-) cathode?

Assuming a large-scale transition to a renewable energy economy in which storage systems are a
prerequisite.



CHAPTER 3

TECHNOLOGY
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3.1 INTRODUCTION

WORKING PRINCIPLE OF A BATTERY

A battery consists of one or multiple galvanic

Anode r’*) Cathode

cells. A galvanic cell is an electrochemical cell X7
- | e> ¥«
in which spontaneous electrochemical redox re- W
actions can occur to generate electrical energy. I R I
N
An electrochemical cell, as shown in figure [3:] PR - T
comprises two half-cells. These half-cells have 5 o) E_l
an electrode and electrolyte. The electrodes in :05 © <
—
contact with the electrolyte can lose their elec- * g i
trons via a reduction redox reaction. This neces- L‘E % @)
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reaction. The electrolyte provides ionic conduc- Electrode Electrolyte
tivity between the electrodes by using (an)ions as
charge carriers. The half-cells in a cell can have FIGURE 3.1: lllustration of a galvanic cell

the same electrolyte depending on the redox re-

actions. A permeable membrane or separator separates the half-cells, while maintaining ionic con-
duction between the two electrodes. Consequently, during a so called discharge, the electrolyte and
separator facilitate electrons to flow via an external closed circuit at a certain current I via the current
collector to apply work on a load of resistance R;,. Thereby a difference in charge is established be-
tween the half cells. The Sl units of current and resistance are Ampere [A] and Ohm [€2]. The anode
and the cathode are respectively the electrode at which the current enters and leaves the electrochem-
ical cell. For a rechargeable cell the redox reactions are also possible in reverse for which electrons
need to be forced into the battery. This results in non-spontaneous reactions leaving the electrodes in
a higher energy state. Open circuit leads to an impediment of current flow to neutralize the charge of
the electrodes. Thereby energy can be 'stored’ in an electrochemical cell. The redox or half reactions

Anode Cathode

=W

Uoc
i FIGURE 3.2: Inter-
— —>| nal voltage level
- . A~ distribution in a
Thickness double layer cell at open circuit.

occurring between the electrode and electrolyte are equilibrium reactions between different oxidation
states of ions. This equilibrium can be quantified by the redox potential E° under standard conditions
and determines the tendency of the chemically active specie to acquire electrons to reduce to a more
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stable state. When this equilibrium is reached also the maximum potential is attained. The redox po-
tential, of which the Sl unit is Volt [V], depends on the materials used for the half cell. The established
difference in charge within an electrochemical cell can be measured by the difference in potential U.
The difference in potential at open circuit is quantified with the open circuit potential Uoc. Figure[3.2]
illustrates the voltage level distribution within a cell at open circuit. The mobile (an)ions of the electrolyte
neutralize the electrode charge at the surface of the electrodes. The voltage drop can be observed
solely across the double layers within a cell.

BATTERY PERFORMANCE PARAMETERS

The total potential and current that can be drawn from an electrochemical cell determine the power
capacity output P by:

P="UI

The Sl unit of power is Watt [W]. The amount of energy that can be stored and generated can be defined
by its current capacity Q. Multiplying the current by the time t gives the current capacity and is usually
stated in Amp-hour [Ah]. The power and current capacity both depend on the amount of the electrode
material, the cell chemistry and the temperature. The current capacity is also determined by the current
density and the storage period. The Peukert’s law relates the current density and cell capacity by:

Q = It

k is the Peukert coefficient, which is a value between 0 and 1. The higher the discharge current density
the lower the capacity of a cell. Therefore the capacity is often expressed at a certain C-rate that
describes the discharge current relative to its rated nominal or maximum capacity. A 1C rate means the
cell will be discharged fully in one hour. By multiplying the current capacity with the required potential
the energy capacity can be determined. The presence of reactions at open-circuit at a certain State of
Charge (SoC) or at low current densities that consume charge carriers without producing current lead
to self-discharge and loss of capacity. These so called side-reactions together with rate determining
limitations of the current density within the cell also lead to internal energy losses during charge or
discharge and is quantified by the efficiency of the cell. The overall energy efficiency 7 is defined as
the energy put into a battery divided by the energy output during discharge by:

_ Useful power output

n = Total power input = Tlcoulombic’}voltage = (

Idischargetdischarge Vdischarge

Ichargetcharge Vcharge

The overall energy efficiency depends on the coulombic- and voltage efficiency. The coulombic effi-
ciency is the energy acquired on discharge divided by the energy put into the battery on charge. Loss
of voltage efficiency is caused by overpotential (Upop). The overpotential is the difference between the
reaction its thermodynamically determined potential and the actual potential at which the redox reaction
is observed. The lifetime in terms of cycle life, is the number of charge/discharge cycles that can be
attained before losing 20% of its capacity. Other important commercial parameters are the costs and
hazards of the materials used, regarding safety and toxicity.
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DEVELOPMENT OF THE ALKALINE BATTERY

THE DISCOVERY & DEVELOPMENT OF THE ALKALINE NiFe BATTERY

In 1899 Waldemar Jungner from Sweden
discovered the first rechargeable battery in
which an alkaline electrolyte is used, such as
an aqueous solution of potassium hydroxide
(KOH) or sodium hydroxide (NaOH). Jungner
focused on nickel-cadmium (NiCd) and nickel-
iron (NiFe) as the active materials of the sys-
tem. The american Thomas Edison claimed
to invent and subsequently patented the NiFe
battery in 1901. Patent litigation led to the col-
lapse of Jungner’s company and Jungner then
focused on the NiCd system, using a pocket
plate electrode design. Edison developed the
NiFe system based on a tubular electrode de-
sign, which was primarily intended for electric

vehicles [8,[16] 46].

By 1903 the Edison Storage Battery Company
introduced the NiFe battery to the market. From
the start the NiFe battery already showed an
impressive lifetime of 3000 cycles with an en-
ergy efficiency of 65-80% resulting in a cycle
life ranging from 20-50 years. This is consid-
ered to be due to its well devised robust cell
design, shown in figure [3:3] Table [D.7] depicts

best performance parameters of nickel-based batteries.

SIDE ROD INSULATOR

SOLID STEEL -
CONTAINER

CELL BOTTOM

F I7‘[wnnm 0 SIDES)

Edison Glhaline Storage Batteny |

Being constructed of steel, it is the
strongest and longest lived battery made.

FIGURE 3.3: Advertisement and cross-section of
the original Edison battery (Used from Edison et al.,

1924) [7)

TABLE 3.1: Performance characteristics of commercial alkaline Ni batteries [16].

System Energy & power density Efficiency Lifetime | Self-discharge
Theoretical Practical
Ni- v Whikg ‘ V. Whkg Wkg  WhL % no. Year %/day
Fe 137 337 12 50 25 55 65-80 ~4000  20-60 06-1.0
Cd 1.35 244 12 75 300 150 70-90 ~ 2300  10-20 02-06
MH ~1.30 240-800E| 12 120 1000 300 65 ~850 10 ?
FeS |E| 1.46 346 12 80 330 2 80 ~200 ? ?

aDepends on the composition of the metal hydride.
Based on laboratory experiments [45].

While having a relatively high theoretical energy density possible of 337 Wh/kg the NiFe battery was

soon to be replaced by the more efficient NiCd system [8]. Some mention this was due to commer-

cial reasons [45] or the costly production process of the electrodes in combination with the intensive
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maintenance of the electrolyte [8] but probably the main reason was the inherent performance limiting
characteristics of the NiFe battery that just could not be dealt with that easily. The loss of efficiency
results out of the parisitic side-reaction of hydrogen evolution during charge, leading to electrolyte de-
pletion. Therefore the electrolyte needs to be continually topped up. In addition expensive production
methods are required for the electrodes. Moreover, the chemistry occurring at the iron-based elec-
trode causes poor performance at high current densities. These drawbacks resulted in staggering poor
energy- and power densities of 50 Wh/kg and 25 W/kg in practice, respectively. Ultimately, the NiFe
system appeared to be a bit too heavy for electric vehicles since at least double the amount of energy
density is necessary for automotive applications. Instead, NiFe batteries have been widely applied for
material handling vehicles, underground mining vehicles, miners lamps, railway cars, signalling systems
and emergency lighting [16]. Several companies, such as SAFT, Peugeot, VARTA, DAUG, SAB-NIFE
and Daihatsu, persisted research of the NiFe system for electric cars [46]. Daihatsu ultimately proved
that a NiFe battery system could be reliable for a car over a 100 km range by the year 2000. R&D
towards NiFe and FeO, batteries for electric cars has effectively ceased [46].

THE DEVELOPMENT OF THE BATTERY MARKET

In the meantime, even better performances were reached for NiCd batteries at a faster paste than
its competitors. Main competitor of the NiCd system was the lead-acid system. The achievement of
maintenance free sealed cells even led to small portable NiCd batteries. Unfortunately the downfall with
cadmium-based batteries is that cadmium is toxic and an environmental hazard. This has eventually
resulted in legislative restrictions for the private sector of NiCd batteries in the European Union by
2006 [8]. Philips introduced the NiMH battery at the end of the 1980s, which increased energy capacities
attainable to 120 Wh/kg, 30-40% higher than NiCd cells. Notwithstanding Edison’s intentions for the
NiFe system, this made an alkaline battery design interesting for electric vehicles for the first time. The
main drawback of NiMH batteries is that they use rare earth metals such as Lanthanium, which could
enhance the price volatility and limit the scalability of this battery type. Currently, NiMH and lithium-ion
are the standard choice for electric cars, mainly due to their high energy densities.

Regardless of the market leading positions of the lead-acid and lithium-ion system for respectively, stand
by applications and high performance electronics, alkaline nickel-based battery types are still capable of
attaining and maintaining a market share for specific applications. This is because of their remarkably
long lifetime, robustness and simplicity. The use of the aqueous alkaline electrolyte causes the
electrodes not to degrade due to overcharge and in which the electrodes preserve stability.

The oil crisis in the 1970s revived R&D of iron-based systems for the iron-air battery (FeO) due to
its high theoretical energy density. This was mostly for electric vehicles and military purposes but it
abruptly ceased after 1984. Afterwards little R&D existed for the NiFe system with the exception of
research in India by Shukla et al. between 1982-1992. Recently, the awakening search for a stationary
energy storage system recovered R&D for iron-based electrodes and NiFe batteries are still produced
by companies, such as Encell and CHANGHONG.

THE BENEFICIAL EFFECT OF ANIONIC SULPHUR SPECIES FOR THE IRON-BASED ELECTRODE
Since the 1960s, the scientific literature suggests that the anionic sulphur species, sulfides s” and
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bisulfides HS , added to the electrolyte or incorporated into the electrodes enhance the electrochem-
ical properties of the iron-based electrode in discharge capacity, efficiency, discharge rate and self-
discharge [12] 26-45]. Yet, the working principles of the anionic sulphur species is not yet fully under-
stood. From the discovery of the NiFe battery up to very recently, several attempts have been made to
improve the performance by adding sulphur containing species. From 1974-1976 Ojefors studied alka-
line aqueous batteries at the department of Chemical Technology, Royal Institute of Technology based
in Stockholm, Sweden [47-51]. Ojefors found the prominent beneficial effect of potassium(l) sulfide
(K2 S) additives for the discharge capacity and self-discharge for the iron electrode [47]. Research from
Shukla et al. from 1982-1992 from the indian institute of Science, Bangalore, India, contributed signifi-
cantly to understanding the effect of anionic sulfur species on the NiFe cell [33H36, 144, 146, 52H57]. This
work has led to incorporating iron(ll) sulfide, lead(ll) sulfide (PbS), bismuth(lll) sulfide (Bi»S3) [36] and
in a more recent article iron(ll) sulphate (FeSQO,) [53] into iron-based electrodes. Even more recently,
in a series of articles from 2012-2015, Manohar et al. at the University of Southern California, Los
Angeles, USA, have tried to introduce different sulfur containing species as additives for the iron-based
electrode as viable alternative for a SESS [12] [13, 58H62]. They studied Bi»S3 [59] and FeS [58] but
also organosulfur additives [60), 61] [63] [64]. Also, Posada and Hall from the Chemical and Biological
Engineering institute, University of Sheffield, United Kingdom, investigated K>S, FeS and BiyS3 added
to iron-based electrodes [42, [43] 65, [66]. Recently, an in-depth research by Shangguan et al. (2015),
from collaborating universities in China and Canada, introduced the first scientific research concerning
FeS as starting material in an anode, showing the strong potential of FeS-based batteries [67]. If current
commercially available NiFe batteries already apply anionic sulphur species, is not known. Therefore
a patent study can be applied but is not covered by this thesis. Despite all aforementioned efforts the
NiFe cell has not yet proved itself to be a viable alternative for SESS.
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3.2 FUNDAMENTAL REDOX REACTIONS OF THE NiFeS SYSTEM

In this section possible half reactions at the anode and cathode are given for the aqueous alkaline
NiFeS and NiFe cell at a pH of 14. The standard electrode potential of a half reaction can only be
empirically determined versus a counter-electrode. In conventional terms the reduction potential is
determined versus the Standard Hydrogen Electrode (SHE) as reference electrode. The more positive
the standard reduction potential of a redox reaction, the greater the tendency for the reduction to occur.
The standard cell potential can then be determined by subtracting the standard anode potential by the
standard cathode potential:

o _ 1o
AEcell - Ecathode —E

o
anode

For an electrochemical cell with spontaneous redox reactions the Gibbs free energy G¢,;, of which the

cell?

Sl unit is Joule, must be negative. Therefore the standard cell potential must be positive as:

AGZ = —nFEZ),
n is the number of moles and F is the Faraday constant of ~96485 C/mol or 26.801 Ah/mol. The
actual voltage also depends on the concentrations or pressure of the reactants involved following the
Nernst equation, which relates the reduction potential of a (half-)cell to the standard electrode potential,
temperature T, activity and reaction quotient C, of the underlying reactions and species used:

RT
E =E° — —InC,
nF .

R is the universal gas constant of 8.3145 J/K/mol. Hence, a change in concentration of the reaction

species means a change in potential.

The total theoretical current capacity of a half reaction Q, is dependent of the mass of the electrode and
can be determined at standard conditions by using Faraday’s law of electrolysis:

zmF

M

Qr:

z is the number of electrons transferred, m is the mass and M is the molar mass of the substance
of which the Sl units are grams. By multiplying the standard cell potential by the theoretical current
capacity the theoretical energy capacity can be calculated.

THE NICKEL-BASED ELECTRODE

The underlying reaction at the cathode is based on a redox reaction from Nickel(Il) (Ni(ll)) to Nickel(lll)
(Ni(l1). In primary literature, general agreement exists that this happens by a protonation/deprotonation
mechanism between nickel dihydroxide (5-Ni(OH)2) and 3-nickel oxy hydroxide (5-NiOOH), both in the
beta morphology [16] 46l 57]:
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discharge

B — Ni(OH), + 2[OH] ™ B — NiOOH + H20 +e” E° =0.490V vs SHE  (3.1)

charge

This is common to all nickel-based alkaline cells. The oxidation of 3-Ni(OH). by equation[3.1]leads to a
theoretical energy density of 577 Ah/kg.

THE IRON-BASED ELECTRODE

The classical aqueous alkaline NiFe system is solely based on the reduction of metallic iron to iron(ll)
at the anode. General consensus exists that this leads to the formation of iron(lIl) hydroxide (Fe(OH)s),
by the reaction:

discharge
—_ N\

Fe + 2[OH]~

Fe(OH)2 + 2e” E° = —0.880V vs SHE  (3.2)

charge

On further discharge also iron(lll) can be reduced out of Fe(OH),. Following primary literature this leads
to the formation of metastable iron(lll) oxide hydroxide in the beta morphology (8-FeOOH) [16, 46, |56
57, 168]:

discharge

Fe(OH). + [OH]™ B — FeOOH + H0 +e” E° = —0.560V vs SHE  (3.3)

charge

The theoretical energy densities by oxidation of metallic iron and Fe(OH); following equation[3.2/and[3.3|
are 959 ah/kg and 298 ah/kg, respectively. By the two electron oxidation process at equation the

theoretical discharge capacity is triple the amount of equation (3.3} which is a one electron oxidation

process. The overall three electron oxidation of metallic iron accounts for 1439 ah kg~*.

THE NiFe SYSTEM

The combined two electron oxidation/reduction reaction for the NiFe system will then be:

discharge

2NiOOH + Fe + 2H,0 2Ni(OH); + Fe(OH), Ecen = 1.370V vs SHE  (3.4)

charge

On further discharge, a so called deep discharge, the one electron oxidation process can occur follow-
ing:

discharge

NiOOH + Fe(OH)5 Ni(OH)s + 8 — FeOOH Ecen = 1.050V vs SHE ~ (3.5)

charge

The overall reaction shows no variation in concentration of hydroxyl ions [OH]~. Square brackets [ ]
refer to concentration of species, so [OH]~ is concentration of the hydroxyl ions. Following equation
the theoretical specific energy of the oxidation of metallic Fe and Ni(OH)s is 307 Wh/kg. On further
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discharge an overall theoretical specific energy of 337 Wh/kg can be attained. The so-called deep
discharge, described by equation 3.5 solely gives 255 Wh/kg for Fe(OH), and Ni(OH),. Table[3.2a illus-
trates theoretical energy densities of starting materials and table summarizes different theoretical
specific energies for NiFe and NiFeS systems.

TABLE 3.2: Theoretical energy densities of Iron and iron(ll) sulfide (a) electrodes and (b)
-systems compared.

a)
Material Theoretical energy b)
densit
(Ah/skl ‘)’ System Theoretical Energy density
S 9 Ni- (Ah/kg) | (V) | (Whikg)
i 456
. Fe(0/11)+Fe(lI/11) 242 | 1,31 337
NIOH) (1At 289 Fe(0/1) 224 | 1,37 307
Fe(OQZZOF/ﬁ)(W”') 1945399 Fe(OH),(I1/111) 243 | 1,05| 255
FeS(0/I+FeS(I/) | 237 | 1,46 346
Fe(OR), (VI 298 FeS(0/Il) 198 | 1,46 289
FeS(0/11)+FeS(II/I) 914 ’
FeS(lI/I 100 | 1,13 113
FeS(0/1l) 609 (ty
FeS(lI/1) 304

THE IRON(Il) SULFIDE ELECTRODE

As there is little empirical research concerning iron(ll) sulfide as starting material of an electrode in an
alkaline electrolyte, no exclusive explanation can be given for the basic reaction mechanisms involved.
Based on basic redox reaction schemes of Latimer (1939) most plausible redox reaction mechanisms
are given in this section [17]. FeS can be reduced to metallic iron via:

discharge
PN

Fe + [S]*~ FeS + 2e™

E° = —0.970V vs SHE  (3.6)

charge

On low discharge also Fe(lll) species can be reduced out of FeS by reacting with [S]>~ or [OH]~ result-
ing into respectively the formation of iron(lll) sulfide (Fe2S3) [41] or S-FeOOH following:

discharge
FeS + 3[OH] ™ — = § — FeOOH + [S]*~ + H20 + e~ E° = —0.560V vs SHE  (3.7)
charge
9_ discharge _
2FeS + [S] éT FesSs + 2e E° = —0.636V vs SHE  (3.8)

The standard reduction potential of Fe to FeS by equation [3.6] is lower in comparison to the stan-
dard reduction potential of Fe(OH), to metallic iron. Hence, from an electrochemical point of view, the
Fe/Fe(OH), reaction is favored above the Fe/FeS reaction. Shangguan et al. (2015) found that the
classical reaction mechanism of the iron-based electrode also accounts for using FeS as starting mate-
rial. Having FeS as starting material of the electrode a number of different species could be present in
solution after initial- and subsequent cycling, including dianionic sulfides at a pH of >14. Sulfides are a
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strong base. Nickel-based batteries use an aqueous alkaline solution. Having multiple bases involved
introduces a possible competitive adsorption mechanism during cycling of the battery, which makes the
working principle far more complex. Based on the oxidation of FeS by equation[3.6] equation[3.7|and[3.8]
the theoretical energy density is 609 Ah/kg and 304 Ah/kg, respectively. The total oxidation of FeS (out
of Fe) accounts for a theoretical energy density of 914 Ah/kg.

THE NiFeS SYSTEM

As the reaction mechanism at the FeS electrode is not known, no overall reaction for the NiFeS system
can be given.

FUNDAMENTAL LIMITATIONS

THE AQUEOUS ALKALINE ELECTROLYTE

For every type of battery a limitation in potential window applies by the characteristics of the electrolyte
within it operates. The alkaline solution can be reduced/oxidized under certain electrochemical condi-
tions. Therefore the nature of the electrolyte determines the voltage window within which the electrodes
can operate. More negative potentials than the standard reduction potential of the Hydrogen Evolution
Reaction (HER) leads to the decomposition of water into hydrogen and more positive potentials than
the standard reduction potential of the Oxygen Evolution Reaction (OER) leads to the decomposition of
water into oxygen via:

2H,0 + 2¢~ = H, + 20H~ E° = —0.059 pH V vs SHE (3.9)

9H,0 = Oy + 4H™ + 4o~ E° =1.23-0.059 pH VvsSHE  (3.10)

Following the Nernst equation the reduction potential of the HER and the OER depends on the pH. For
a pH of 14 the E° of the HER is -0.828 V vs SHE. More negative potentials than the standard reduction
potential of hydrogen leads to the irreversible side reaction of splitting water into hydrogen gas. For
a pH of 14 the standard reduction potential of the oxygen evolution is 0.404 V vs SHE. More positive
potentials than the E° of the oxygen evolution leads to the production of oxygen gas. As the production
of gases are irreversible under these conditions it leads to a lowering in efficiency of the cell. Regardless
of the pH the theoretical open circuit potential of water is a fixed value of 1.23 Voc. The HER can also
occur at open circuit when the standard reduction potential of the HER is more negative than the E°
of the Fe(ll)/Fe(0) reaction and leads to self-discharge. This also accounts for the oxygen evolution
when the E° of the OER is more negative than the E° of the Ni(lll)/Ni(ll) reaction at the nickel-based
electrode. Figure[3.4]shows the thermodynamic voltage window of nickel-based batteries in blue and the
voltage window of an aqueous electrolyte at a pH of 14 in red. The production of hydrogen and oxygen
gas reduces the volume and changes the alkalinity of the electrolyte. This could affect the solubility of
compounds and the potential window of the system and can have negative effects on the performance
of the battery. Moreover, the build-up of gases Hs and O, produced can lead to explosion hazards for
a sealed system or the necessity to refill the electrolyte. In a different perspective the potential window
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of an aqueous electrolyte gives the possibility to apply higher or lower potentials than is necessary for
an alkaline system, without attaining unfavorable reactions of the iron electrode. This resistance for so
called over(dis)charge) aids to the infamous robustness of aqueous alkaline Ni-based systems.

IVZrOH)2 HE H2OMOH- 1,23V G NOHEMO0H

- MiFes 1.26Y

FaFas 1.468Y

F {0 AT o0 MifFe 1.05Y

FaFelOH)2 1.37V

MVZn 1.73V

MiMH 1.31V

MiH2 1.31V

MifCd 1.30V
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FIGURE 3.4: Thermodynamic voltage window of nickel-based batteries (Modified from
Bernardt et al. (2015) [8].

THE OVERPOTENTIAL OF REDOX REACTIONS

In practice the potential at which a half-reaction takes place can differ from the theoretical potential.
This leads to the concept overpotential (Upp), which is the difference between the reaction its ther-
modynamically determined potential and the actual potential at which the redox reaction is observed.
The overpotential increases with growing current density and this relation can be explained by the Tafel
equation. Overpotential can be related to the activation energy of the electron transfer, activation energy
of the chemical reaction prior to the electron transfer, concentrations of the reactants and/or resistance
in the cell.

In particular the reaction overpotential can be reduced or eliminated by applying electrocatalysts. There,
the dianionic sulfides come into play for the FeS electrode. The actual beneficial effect of sulfur contain-
ing species are elaborately discussed in appendix|D] The resistance overpotential can be influenced by
design parameters of the electrode and cell, further discussed in the design section.

THE OVERPOTENTIAL IN AQUEOUS SOLUTION

The usable potential window of an aqueous electrolyte can also differ significantly, because also an
overpotential exist of the HER and the OER, which is dependent of the electrode material content. For
instance, for the nickel electrode the OER occurs at +0.56 V vs SHE more positive than the standard re-
duction potential of the OER, which is 0.49 V vs SHE. Unfortunately, such a relatively high overpotential
does not exist for the HER on iron, which is -0.15 V vs SHE more negative than the standard reduction
potential of the HER of -0.828V vs SHE.
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3.3 ACTUAL REACTION BEHAVIOR OF THE ELECTRODES

Now the redox reactions with their standard reduction potential and the fundamental limitations of the
system have been described the actual potentiodynamic electrochemical reactions that occur during
charge and discharge of a cell can be investigated and are eloquently illustrated by a Cyclic Voltammo-
gram (CV).

THE NICKEL-BASED ELECTRODE
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FIGURE 3.5: Cyclic voltammogram of a metallic Ni electrode at 50 mV/s in a solution of 1 M
KOH (Used from Medway et al., 2006) [? ]

Figure shows the first two scans of a cyclic voltammetric plot against the potential of a metallic
nickel electrode in a solution of 1 M KOH, reported by Medway et al. (2006) [69]. When metallic
nickel is submerged in a solution of 1 M KOH, directly nickel(ll) hydroxide (Ni(OH),) is formed on the
surface of the electrode. Therefore the plot initiates with Ni(OH), as starting material. The potential is
measured versus a mercury/mercury(ll) oxide (Hg/HgO) reaction based reference electrode in a solution
of 1 M KOH. To compare the potentials given of an electrode versus a Hg/HgO reference electrode with
potentials given versus the standard hydrogen evolution, the standard reduction potential of the Hg/HgO
reaction versus the SHE of 0.140 V in a solution of 1 M KOH must be substracted from the electrode
potential given versus Hg/HgO. A scan comprises two potentiodynamic sweeps from more negative to
more positive potentials and vice versa. An upwards or downwards peak in current versus potential
indicates either a oxidation or reduction, depending on which sweep. The cyclic voltammogram can
be splitted into three parts. Part A is the Ni(ll) region, which has a negative downward limit indicating
hydrogen evolution below <1.00 V vs Hg/HgO and with increasing voltage during the first upward sweep
a peak a can be found at -0.52 V vs Hg/HgO that is ascribed to the formation of Ni(OH), in the alpha
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structure (a-Ni(OH)s). In the voltage window of B the dehydration of a-Ni(OH)s to 8-Ni(OH)s is believed
to occur, which can be identified by the wide upward peak and is not identified in subsequent upward
sweeps. Part C is the oxide hydroxide region in which 5-Ni(OH); is oxidized to 5-NiOOH at c at 0.48 V
vs Hg/HgO and reduced at ¢’at 0.41 V vs Hg/HgO, which can be identified by the downward peak at the
sweep from more positive to negative potentials. Hence it can be said solely the oxidation of 3-Ni(OH)2
to B-NiOOH is reversible. The upward positive limit >0.6 V vs Hg/HgO indicates the oxygen evolution
to occur.

THE IRON-BASED ELECTRODE

Figure [3.6a shows a cyclic voltammetric plot in potential of a metallic iron electrode reported by Hang
et al. (2006) [70]. In the upward sweep with increasing voltage two upward peaks can be found at
-0.88V and -0.62 V vs Hg/HgO, corresponding with the standard electrode potentials of the Fe/Fe(OH)2
reaction by equation [3.2]and the Fe/FeOx reaction, respectively. In the downward sweep with decreas-
ing voltage, the first downward peak at -1.1 V vs Hg/HgO is ascribed to the FeOx/Fe(OH), reduction
reaction. The subsequent downward limit at <1.1 V vs Hg/HgO is due to the hydrogen evolution. The
reaction Fe/Fe(OH), by equation[3.2]during charge is said to be overshadowed by the occurrence of the
HER and can not be identified in this plot.
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(A) The first scan of an Fe electrode in a mixture  (B) Subsequent scans of a FeS electrode in a mix-
of 8M KOH at 0.5 mV/s (Used from Hang et al., ture of 6M KOH and 0.5M LiOH at 1.0 mV/s (Used
2006 [70]). from Shangguan et al.,2015 [67])

FIGURE 3.6: Cyclic voltammograms.

Figure also shows a cyclic voltammetric plot but then for an iron(ll) sulfide electrode reported by
Shangguan et al. (2015) [67]. Different to the findings of Hang et al., Shangguan et al. found the
Fe/Fe(ll) reaction to occur in two subsequent steps over repetitive sweeps (Ox0 and Ox1). The first step
is around -0.95 V vs Hg/HgO, which increases over subsequent scans and the second step occurs at
-0.9V vs Hg/HgO. The Fe(ll)/Fe(lll) reaction (Ox2) is found to occur at -0.6 V vs Hg/HgO, which is similar
to the iron electrode. During the downward sweep with decreasing voltage an unidentified downward
peak (Red3) is observed around -0.58 V vs Hg/HgO but gradually decays after subsequent cycling.
Afterwards a downwards peak indicates the reduction of Fe(lll)/Fe(ll) (Red2), which occurs initially at

1.1 V but shifts to more positive potentials after subsequent sweeps. In contrast to the Fe electrode
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reported by Hang et al (2006), for the FeS electrode a downward peak can be found separated from the
hydrogen evolution that is ascribed to the Fe(ll)/Fe(0) reaction (Red1) at -1.15 V but also shifts to more
positive potentials after a series of sweeps. The downwards peaks that illustrate the Fe(lll)/Fe(ll) and
Fe(ll)/Fe(0) reactions are more closely together in potential than the Fe(0)/Fe(ll) and Fe(Il)/Fe(lll).
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3.4 EMPLOYED MATERIALS FOR THE ELECTRODES

The properties of the active material determine the oper-
ational mechanism of an electrode. The inherent physical
and chemical characteristics of the species that form dur-
ing cycling by the electrochemically forced and chemically
spontaneous changes in the species and structure can neg-
atively influence the overpotential by change in (i) reactiv-
ity between the active material and the electrolyte, (ii) elec-
tric conductivity between the material and current collector
and (iii) mechanical strength of the electrodes. Chemical
changes could even lead to physical degradation and break-
down. To acquire optimal stability, which means a high re-
versibility of the redox reactions over the long-term, the re-
dox processes occur under solid state chemistry solely, in
which the material properties have minimal change. There-
fore an ideal structure of the crystals in the grains have an
easy accessible host structure that can inject or reject a pro-

FIGURE 3.7: High resolution electron mi-

crograph of a-FeOOH. The lattice fringes

at 0.5 nm indicate the interdistance spac-

ing (Used from R. Cornell et. al,.
2003 [9]).

ton. The host structure can be described as a packing of solid slabs having a high interdistance in

between, as shown in figure [3.7] In this spacing protons can be bonded to the host structure. This sec-

tion describes the characteristics of the materials, in terms of phase composition, solubility, morphology

and crystallinity. What becomes clear is that the Ni cathode structure comes close to the optimal in

comparison to the iron anode. General properties of iron and nickel oxides are given in appendix [B]

THE WELL STUDIED AND EXEMPLARY NICKEL-BASED ELECTRODE

CH
® 02
© Nr*?

FIGURE 3.8: The Ni(OH), layered
structure (Used from P. Bernardt et
al., 2015 [8]).

The active material of the cathode in alkaline aqueous batteries
is nickel hydroxide in the beta morphology (8-Ni(OH)3). Various
alkaline aqueous systems are possible with nickel-based species
as cathode, such as NiFe, NiCd, NiMH, Nickel-Hydrogen (Ni-Hz)
and Nickel-Zinc (NiZn). Their operating potential windows are de-
picted in figure [3.4] As starting material nickel hydride and nickel
oxides are used. Both result in the formation of 5-Ni(OH), as it
is the most favored thermodynamic stable composition of nickel
in an alkaline medium and preserves excellent stability due to
its low solubility (Ksp~1073?) [8 57| [71]. The reaction between
B-Ni(OH); and 5-NiOOH is believed to be of a reversible solid-
state-type at which a proton is injected and included in the host
structure (intercalation) [8] [71). Figure [3.8] shows an il-
lustration of the 3-Ni(OH), structure [8]. The slabs are layered
as NiOg octahedra having hydrogen atoms located in between
bound to the oxygen. The NiOg can be seen as the solid host

structure with removable H atoms that occupy interstitial sites within the slabs.
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B-NiOOH is an electric semiconductor (104-10° Q/cm at 25°C). During discharge the electrode attains
Ni(OH), species which are known to behave as an insulator (10'°-10'2 Q/cm at 25°C). The formation of
electrically insulating species affects the deep discharge capacity or can even lead to a decrease in re-
activity by passivation, which is the formation of an insulating layer of Ni(OH) around 5-NiOOH particles
that lowers the electric conductivity and active surface area [72]. While the 3-NiOOH/3-Ni(OH), reac-
tion is seen as a solid state mechanism the species involved are sparingly soluble, leading to dissolved
intermediates. The dissolution of the species can act as rate determining at high discharge rates. If
both of the species involved in the Ni(ll)/Ni(lll) reaction would have poor electric conductance no electric
conductance to the current collector could be attained leading to a general overall poor performance.

Also the formation of unfavorable species can trouble the performance. Transformation pathways of the
nickel-based electrode are eloquently illustrated by the Bode diagram, shown in figure [3.9][8]. two other
possible phases need to be accounted for: v-H,K,NiO,.H2O in the charged state, where x and y are
often claimed to be 0.33 and 0.66, respectively, and «-NiOOH in the discharged state [8, 146 57, [71].
By overcharge the v-H,K,NiO2.H,O can form and has an enlarged interlayer distance. Thereby it can
intercalate species of the electrolyte solution in the structure, by which the electrode can dry-out. Dur-
ing discharge, in addition to the S-form also the v-H,K;NiO2.H20 can form a-Ni(OH),, which in turn
spontaneously reforms to 5-Ni(OH), over time in base conditions. For an electrode comprised of -
Ni(OH), rather than 3-Ni(OH),, a higher theoretical capacity is expected, due to the bigger interslab
distance [8} [71].

HNio, RN Ni<°H’_> ARk
y o

,\' Oxidation
(H:0), = ‘\' Reduction K,(H:O)s _>LLL

AAM

O(-Ni(ll)(OH), zH,0

AAA

YH,K Ni(ll1)0,zH,0

Overcharge
Spontaneous

OH, s AAM

Nig —>» Oxidation —
S Aik Reduction m
AAA
B-Ni(I(OH), B-Ni(lll)OOH

Oxidation state ——

FIGURE 3.9: Bode diagram showing transformations among various phases of the nickelhy-
droxide electrode (Modified from P. Bernardt et al., 2005 [8]).

Nonetheless, by the application of special preparation methods and the use of substances that improve
the performance of the electrode, so-called additives, the Ni-based electrode is known in literature for its
excellent reversibility and cyclic behavior [8, 146, 57, (71} [72]. The material characteristics of the species
has been intensively studied in order to further improve the electrochemical performance. This has re-
cently led to the suggestion that stacking faults, the interruption of the normal stacking sequence in the
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crystal structure, cause strong interactions between the nickel ions and protons. 15-20% stacking faults
in the crystal structure are suggested to lead to near theoretical energy densities of 289 Ah/kg [8].

PERFORMANCE ENHANCING ADDITIVES FOR NICKEL-BASED ELECTRODES

For the electrode to remain in optimal cycling conditions additives or substances can be added to the
electrode material or electrolyte. Additives can influence the overpotential in terms of (i) reactivity, (ii)
parasitic side-reactions, (iii) dry-out of the electrolyte, (iv) surface area, (v) solubility (vi) ionic- and/or
(vii) electrical conductivity at all state of charges. In general, certain metal complexes within the active
mass create stacking faults and prevent the formation of aggregates. In catalyses literature the stacking
faults are believed to increase reactivity while the prevention of aggregation is suggested to preserve the
homogeneity of the solid mass. Cobalt(Il) hydroxide (Co(OH)-), which is isostructural with 3-NiOOH and
B-Ni(OH); is often used as a spacing agent additive [8]. A so called spacing agent creates a disordered
structure, leading to stacking faults and following preservation of the space between the layers of the
crystal and prevention of formation of aggregates. The oxygen evolution is an unfavorable side reaction,
of which the standard reduction potential is close to the standard reduction potential of 3-NiOOH to
B-Ni(OH),. Co(OH), also reduces the potential of the reaction of 5-NiOOH to 8-Ni(OH)2, leading to
the prevention of the OER to occur. Cadmium-, zinc- and magnesium oxide have been found to reduce
electrostatic repulsion between the slabs and hence can be employed as additives to prevent the gamma
phase formation, which can lead to electrolyte dry-out. Cadmium, magnesium and zinc containing
compounds also slightly prevent the OER as Co(OH), does [73]. In general, alkaline electrolyte based
systems need to deal with oxidized metal species that are less electronically conductive than pure
metals. Hence, conductive additives, such as amorphous carbon and graphite can be necessary to
sustain conductivity, which also depends on the electrode production technology. Equally, also binder
additives can be necessary further elaborated upon in the cell design section.

THE IRON-BASED ELECTRODE

The iron-based electrode is part of the NiFe cell and is also used as counterpart of the Fe-Os or silver-
iron (AgFe) system. Most commercially applied and studied is the NiFe system. The standard starting
material of the Edison battery is ironoxide (FeO) or so called iron rust species [7]. Commercial batteries
today use a mixture of synthesized iron(lll) oxide (Fe2O3) and metallic iron [16]. Impurities such as
manganese, magnesium, calcium and phosphorous are believed to facilitate the hydrogen evolution,
hence it is suggested to use high purity iron as the active material [52] 58| 59]. A form of such a high
purity iron is carbonyl iron, which is prepared from iron(0) pentacarbonyl (Fe(CO)s) and has been found
to reduce the HER.

In basic alkaline iron related electrochemistry literature little is mentioned regarding the change in mor-
phology and actual crystal structures formed during the Fe(0/Il) and particularly the Fe(lI/Ill) charge/dis-
charge process. Different characterizations of the species involved exist and contradicting theories are
suggested concerning the working principle. In this thesis an attempt is done to clarify the involved
species and illustrate the working mechanisms of the charge/discharge behavior of the iron electrode
via an in-depth literature study. The Fe(0/Il) redox reaction mechanism is the standard half reaction
used at the iron-based electrode. The Fe(ll/lll) redox reaction mechanism is only mentioned to occur at
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low or so-called deep discharges but is not used as standard solely. The Fe(ll/lll) is not as well studied
as the Fe(0/11) redox reaction mechanism. In 1999, Licht introduced an electrode capable of using the
Fe(3+/6+) redox reaction but is kept out of this research [74]. Appendix [C| shows typical formation and
transformation pathways of common iron oxides (FeOx).

WHAT IS KNOWN ABOUT THE IRON(0/Il) REDOX PROCESS

The involved species during charge and discharge in strong alkaline solution are consistently reported
to be metallic iron in alpha morphology (a-Fe) and iron(ll) hydroxide, respectively, which correspond to
the Fe(0/11) redox reaction described by equation[3.2] Iron(ll, 1) oxide (Fe3O,4) forms at a E of -0.912 V
vs SHE close to the E( of the Fe/Fe(OH), at -0.880 V vs SHE according to the reaction:

discharge

3Fe + 8[OH]~ Fe3O4 + 4H20 + 8™ E° = —0912V vs SHE  (3.11)

charge

The formation of metastable Fe(OH), is believed to be fa-
vored over FesO,4 due to the high kinetic reversibility of
reaction [75H77]. Only at high overpotentials or deep
discharges the formation of Fe3sO, is expected to occur as
well [12]. Figure illustrates the unoxidized «-Fe ho-
mogeneous body centered cubic structure. Fe(OH), does

not exist in nature as mineral due to its intrinsically unstable
FIGURE 3.10: The homogeneous struc-

characteristic and no different polymorphs have yet been ture of a-Fe.

found [9]. It has a similar crystal structure as 5-Ni(OH),, as

shown in figure but then the slabs are layered FeOgz octahedra. Fe3O4 contains both Fe(ll) and
Fe(lll), having an inverse spinel structure as shown in figure [3.72bj and has a thermodynamically more
stable structure than Fe(OH), due to its closer packing. Therefore the hydrogen evolution can give rise
to the dehydration of Fe(OH)5 and formation of Fe3O,4 under anaerobic conditions over time and can be
described by the Schikkor reaction [14} (78], [79]:

3FE(()II)2 — Fe304 + Hy + 2H50 (3.12)

In 1958, Linnenbom investigated the reaction between metallic iron and water [80]. He found solely
Fe(OH)- formation at room temperature under anaerobic conditions. He stresses the extreme sensitivity
to react to Fe3sO4 by increasing temperature and contaminants, such as tiny amounts of oxygen but also
trace amounts of nickel, copper and platinum. An excess of hydroxide ions is found to remarkably
inhibit the formation of Fe304 out of Fe(OH),. Dissolved oxygen in the electrolyte is also suggested
to lead to the formation of Fe3O,4 from Fe(OH), [76l [81]. The hydrogen evolution causes an increased
overpotential for the reaction of FesO,4 to metallic iron during charge leading to a higher irreversibility
of FesO4 already in the Fe(0/Il) potential window [82]. Hence, the slow formation of Fe3O,4 by the
occurrence of the Schikorr reaction and the parasitic side-reaction by equation are suggested to
cause long term irreversibility of the iron electrode [12].

In contrast to the predominant solid state reaction of the oxidized species Ni(OH)2 and NiOOH, the
oxidation of metallic Fe is believed to contain more soluble intermediates in alkaline environment. A
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theoretical study by Schrager (1929) suggested the occurrence of [HFeQO]; in highly alkaline condi-
tions [83]. Schwarz and Simon (1963) found iron to electrochemically dissolve as [FeO],2~ in alkaline
solution [84]. Flerov and Pavlova confirmed that divalent and trivalent iron hydroxides ([HFeO],- and
[FeO]?™) dissolve in a solution of 6M KOH [85]. Sherstobikova et al. (1969) found the following dissolu-
tion/precipitation mechanism to occur [86]:

Fe + [OH]” = (FeOH),qs + ¢~ RDS  (3.13)
(FeOH)aqgs + [OH]™ — (FeO)aqs + HoO + e~ (3.14)
(FeO)aqs + [OH]™ — [HFeOs] ™ (3.15)
[HFeOq] ™ + H0 — Fe(OH), + [OH]~ (3.16)

Adsorbed species are indicated with round brackets ( ). While having soluble intermediates involved
Fe(ll) still is sparingly soluble (Ksp~1.65 10~'%) [17]. This in combination with the high energy of crys-
tallization of Fe causes the tendency to supersaturate near the reaction site, leading to only minute
crystal formation of oxidized adsorbed iron(l) hydroxide (FeOH),4s and iron oxide (FeO),qs products as
a porous gel on the surface of the reactant [16]. This porous gel structure is eloquently illustrated by
a SEM study of Ojefors (1976) [48]. The low solubility of (FeOH).qs is the main parameter that slows
crystal growth. Therefore reaction is the Rate Determining Step (RDS). During discharge the re-
action products are found to precipitate on the surface as a porous gel, blocking the active surface area
for electrolyte. Thus, the formed layer, a so-called passivation layer, causes insulation of the active ma-
terial of the charge carriers, which can lead to a lowering in reactivity and poor charge/discharge rates
depending on the accessibility through the passivation layer [8] [16} 56 57, 68]. In addition the passivat-
ing layer of Fe(OH)s is also electrically insulating. This increases the overpotential of the Fe/Fe(OH),
reaction by which the hydrogen evolution is believed to be favored, leading to a decrease in efficiency
as well. In contrast, the supersaturation is also suggested to have a beneficial effect. The fast crys-
tallization ensures the reformation of a high active surface area (>100/m?/g'), characterizing the long
cycling capability of iron-based electrodes [16]. Shukla (2009) emphasizes that the ionic polarization
solely could not fully limit the capacity as the electrolyte is expected to still be able to penetrate the
porous gel [56].

The dissolution/precipitation mechanism is confirmed by several other electrochemical studies [31} 132,
48|, [76] [87H90] and in particular by Cnobloch et. al (1973) [91]. Nonetheless, solid state processes of
the Fe/Fe(OH), reaction by equation[3.2] are also found to occur [32,[92]. Thus the overall mechanism
of reaction [3.2) could involve a direct solid state and indirect dissolution/precipitation mechanism. The
dissolution/precipitation mechanism is heavily dependent of temperature [16] and alkaline concentra-
tions [92]. Among others, the Handbook of Batteries clearly indicates the high temperature dependance
of iron electrodes, further elaborated upon in the performance section [16 |49l 93]. Hence, at low al-
kaline concentrations and/or temperatures the working mechanism of the Fe(0/1l) reaction is more of a
solid-state type.
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WHAT IS KNOWN ABOUT THE IRON(II/Ill) REDOX PROCESS

More controversy exist concerning the reaction products of iron(lll) species that are formed during low
discharge. The same as for the Fe(0/11), the Fe(OH),/FeOOH reaction has a parasitic side-reaction of
which the reduction potential of -0.560 V vs SHE is close to the formation of more stable iron(ll,l1l) oxide
of -0.660 V vs SHE, following the reaction:

discharge

3Fe(OH)2 + 2[OH] ™ + 2H,0 FesO4 +4H20 +2¢7  E° = —0.660V vs SHE  (3.17)

charge

Only at high overpotentials or very low discharges the formation of Fe3O, is expected to occur [12]. The
same explanation can be given as for the Fe(0/Il) reaction mechanism. The higher kinetic reversibility
of 3-FeOOH to Fe(OH), causes the formation of 3-FeOOH by equation [3:3] to be favored. Only at
high overpotentials or deep discharges the formation and build-up of Fe3sO,4 can be expected due to
its higher irreversibility. This is in line with several studies in which an increase of Fe3O, is found by
repeated overdischarge [31], [94]. Conversely, MGssbauer spectroscopy analysis by Geronov et
al. (1975) did not encounter this phenomenon [75]. Cyclic voltammetry and X-ray powder diffraction
(XRD) literature indicate the formation of Fe3O, [31] [44] (76 [87], [87-89] or even Fe; O3 [27,
[87H89] [96]. Geronov et al. (1975) suggests the formation of 3-FeOOH following reaction [3.3]in a
solution of 5M KOH [75], which is in agreement with several other CV and XRD based research [89, 89,
92} 192] 196H99].

B-FeOOH is known for its metastable behavior of spontaneously reforming into more stable species over
time. 5-FeOOH rearranges into oxidized iron (FeOx) species, which is also suggested by Ravikumar et
al. (2015) [44]. The occurrence of metastable compounds in the cycling process in combination with the
sensitivity of Fe(OH)2 and FeOOH for air and contaminants but also general measurement limitations
in the past could be a reason Fe(OH), and FeOOH species to be overlooked by some studies. Under
ideal conditions it is assumed that 5-FEOOH is the main product of the oxidation of Fe(OH),. In contrast
Zhang (1994) found the formation of FeOOH in the § formation [46, [76].

(B) 5-FEOOH

FIGURE 3.11: two of the four known FeOOH isomorphic structures (used from R. Cornell et
al., 2003 [9]).

lllustrated in figure [3.11] are the - and 6-FeOOH structures. §-FeOOH has a similar structure as the
B-NiOOH. 5-FeOOH has a tetragonal or monoclinic unit cell in which the anions are arranged as a
body centered cubic array bonded together. The overall structure contains actual tunnels per one unit
cell in which the anions are missing. Appendix [A] describes the four known polymorphs of FeOOH in
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more detail. It is suggested that prolonged discharge causes anhydrous §-FEOOH to change to hydrous
bernalite (Fe(OH)3), similar to the Ni(OH, cathode by [56]:

0 — FeOOH + Hy0 — Fe(OH); (3.18)

The Fe(lll) of the very unstable Fe(OH)3 created by deep discharge spontaneously rearranges with

Fe(ll) to form the more stable FesO, (FesO,) following another pathway of the Schikorr reactions
by [11] 48, 78]:

QFG(OH)g + FQ(OH)Q — Fe304 + 4H50 (3.19)

Several other pathways exist for the formation of Fe30,4 and Fe,Os:

2Fe?t + FeOOH — Fe;04 + 2HT (3.20)

2FeOOH — F8203 * HQO (321)

FeOOH can react with soluble Fe(ll) species to form Fe;0,4 by equation [3:20] [76] and is also found to
spontaneously form the more stable Fe;O3 by equation[3:27] The crystal structure of Fe;Oj is depicted
in figure@ Fe,O3 is even more stable and has a higher irreversibility than Fe3O,, that could lead
to more non-equilibrium conditions and thus loss of active species within the electrode [92].

(C) Fe(OH)3

(B) Fe304

FIGURE 3.12: Structures of various iron oxide species

Next to a solid state mechanism, the Fe(lI/Ill) reaction by equation [3.3]is suggested to have a dissolu-

tion/precipitation mechanism as well:

[HFeO2]~ + [OH]™ = [FeOs]™ + HoO + e~ (3.22)

[FeOs]™ + HoO — 8 — FeOOH + [OH]~ (3.24)
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Considering the analysis of Fe(lll) species in the electrolyte, ferrates (FeO; ) are also believed to take
part in the reaction [48, 186188 (91, [100]. Hence when in contact with the electrode, dissolved Fe(ll)
species could and are found to oxidize and precipitate following equation Again different sugges-
tions are given considering what Fe(lll) products form out of the [FeO], species: Fe3O4 or Fe(OH), by
respectively equation or The Fe(lI/1ll) reaction is observed to occur more quickly than the
Fe(0/1l) reaction and seems to be less dependent of temperature and pH [85, [88} [92]. Therefore the
Fe(ll/1ll) reaction is suggested to be more of a solid state reaction mechanism.

APPLYING ONLY THE Fe(ll/Ill) REDOX REACTION AS STANDARD

To prevent efficiency losses because of the HER and dense charge capacity losses because of the
dissolution/precipitation mechanism at the Fe(0/Il) reaction, an obvious alteration to apply is using the
Fe(ll/l) reaction solely but has never been suggested in scientific literature. It is noteworthy that the
nickel-based electrode uses the Ni(ll/lll) solely. Both Fe(OH), and FeOOH species are electrically in-
sulating [33] 97]. At the nickel-based cathode only NiOOH causes electrical insulation. As FesQy, is
electrically conductive, formation of the latter could be an important factor to maintain electric conduc-
tivity during discharge. On the other hand, Fe3O4 and Fe2O3 are less reversible than Fe(OH), and
FeOOH. To acquire reduction of these species a certain amount of overcharge is necessary but is trou-
bled by the parasitic hydrogen evolution reaction [12]. Although not extensively mentioned in literature,
it is expected that (i) the formation of less reversible species by parasitic side-reactions, spontaneous
formation and deep discharge in combination with (ii) the electrically insulating properties of the FeOx
species and/or (iii) the possibility of passivation due to a dissolution/precipitation mechanism affects the
Fe(ll/111) redox reaction. Moreover, the Fe(ll/lll) reaction takes place at low potentials and is only one
electron redox process instead of two electrons at the Fe(0/Il) reaction causing lower energy densities
possible as shown in table Therefore the Fe(0/11) redox reaction by equation [3.3]is preferred and
literature seems to focus more on the Fe(0/Il) reaction.

SUMMARY OF THE REDOX PROCESSES AT THE IRON-BASED ELECTRODE

The above said, having a dissolution/precipitiation mechanism and metastable/stable species into play,
it is clear that many side-reactions occur at the iron-based electrode compared to the rather simple
Ni(OH)2/NiOOH electrode working mechanism. The overall mechanism could be well described by
the definition of green rust formation, which is the formation of Fe(ll)OH octahedra with within some
Fe(ll) can be replaced by Fe(lll). To maintain neutrality anions can coincide within the layers. However,
the occurrence of green rust species is not mentioned in scientific literature concerning the iron-based
electrode. Figure shows all suggested species and reaction paths possible at the iron-based
electrode, while Figure shows an illustration of all possible species and reactions mentioned at
the iron electrode. Pourbaix diagrams illustrate the possibility of which species to occur at which pH
versus the standard reduction potential. Figure shows the Pourbaix diagram for the Fe/H,O
system [10} [11], [97]. Based on theory, the solid lines and bold letters respectively illustrate the area
where solids and solutions are prone to occur. The solid or liquid before the dash is the metastable
form and behind the dash is the stable form, so metastable/stable. Dashed lines with regular letters
indicate the area where reactants in solution can exist, with exception of the dashed lines a and b.
Below line a the HER can occur and above line b the oxygen evolution could occur. The region between
0.4 and —1.4 V vs SHE and corresponding pH values >14 are said to be the preferable conditions for
alkaline aqueous NiFe systems, which is indicated by the red box in figure [11]. The Pourbaix
diagram, which is based on theoretical thermodynamics seems to be in line with experimental research



CHAPTER 3. TECHNOLOGY 31

and indicates that the composition of species are heavily dependent of the, and thus can be altered
by, electrolyte its pH and temperature. Also additives can be used, such as lithiumhydroxide LiOH and
sulfur containing species, explained further in the next additive section below. Figure [3.13] shows an
illustration of the possible reaction mechanisms at the iron-based electrode.

To conclude, the reaction mechanisms occurring at the iron-based electrode causes some obvious
drawbacks. Issues with the existing system include:

e The necessity to overcharge due to overpotential of the Fe/Fe(OH) reaction resulted by the hy-
drogen evolution causes (i) low efficiencies (ii) poor energy densities and (iii) hydrogen gas pro-
duction. The production of gas from the electrolyte leads to the depletion of the electrolyte and
as a result the cell can not be sealed. Moreover, the occurrence of the HER causes the electrode
to be intrinsically unstable leading to self-discharge.

e Having a dissolution/precipitation mechanism with soluble intermediates involved results in an (i)
increased temperature dependent performance and (ii) passivation of the electrode by various
FeOx species at high charge density capacities. The passivation ultimately results in even more

limited power densities and efficiencies.

e Involved species in the charge/discharge process have the tendency to spontaneously transform
into more stable but less reversible species over time, which also lead to a decrease in cycle life,
efficiencies and energy densities.
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FIGURE 3.13: (a) lllustration of species and reactions occurring at the surface of the iron
electrode in alkaline solution and (b) revised potential/pH diagram for the Fe/H;O system;
regions of passivity, corrosion and immunity of iron are shown (Used from Pourbaix, 1966 [10,
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FIGURE 3.14: Reaction mechanisms at the iron-based electrode in alkaline solution illustrat-
ing the change in chemical compositions among various phases.
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KNOWN PERFORMANCE ENHANCING ADDITIVES FOR THE IRON-BASED ELECTRODE
Several additives are known for their beneficial effect for the iron-based electrode and can be incorpo-

rated within the electrode itself or within the electrolyte. Table [3.3) gives an overview of which scientific

literature investigated what additive for iron-based electrodes.

TABLE 3.3: Overview of studied additives for the iron-based electrode with their reaction
mechanism, standard reduction potential, solubility product and reference [17,18].

| Specie | Reaction mechanism E°vsSHE | Kgp | Studied by
The alkaline iron-based system
Fe Fe + 2[OH]|~ = Fe(OH), + 2¢~ -0.877 V
Fe(OH)y | Fe(OH)y + [OH]~ = FeOOH + H,O +e~ | -0560V | 1.6510715
FeOOH
Decrease Upp of Fe/Fe(ll) reactions & Increase Upp of HER
FeS Fe + [S]>~ = FeS + 2~ -0.970 V 11079 [ [{2 06l
34, [35, 142,
44| 52| 56/
100, [101]
FeSe Fe + [Se]>~ = FeSe + 2¢~ -1.22V 110726 | [100, 101]
FeTe Fe + [Te]>~ = FeTe + 2e~
Decrease Upp of Fe/Fe(ll) and Fe(ll)/Fe(lll) reactions
Superconductive species [40, 53| 167,
102, [103]
Increase Upp of the HER
Bi,O3 2Bi 4 6[OH]~ = Biy03 4 3H,0 + 6e~ -0.460V | 2310~ | [12,136] 42
52, 159]
BixS3 2Bi 4 3[S]?>~ = BiyS3 + 6e™ -0.818V | 1.6107 72 | [36,/42, 52,
58]
CuOs 2Cu + 2[OH]~ = Cuy0 + Hy0 + 2~ 0360V | 1.2107"° | [104]
CusS 2Cu + [S?7] = CuyS + 2~ -0.95V 251079
CuS Cu+ [S*7] = CuS + 2e~ 0.7V 410738
Organo-sulfur species [60, 61} 163,
64]
Increase the E° of the Fe/Fe(ll) reactions
Ni(OH), 9Ni + 2[OH]~ = Ni(OH), + 4e™ 0.66 1.6 10~ | [100]
NiOOH 110735
Co(OH)y | Co(OH)y + [OH]™ = CoOOH 4 Hy0 + e~ [100]
Capture H; evolved
CeO, MH,4s + [OH]™ = 2M + Hy0 + e~ [55]
LaNis [105]

DECREASE THE Fe/Fe(ll)- & INCREASE THE H2/HoO REACTION OVERPOTENTIALS
Indeed, iron(ll) sulfide is suggested to have a dual effect in lowering the overpotential of the Fe/Fe(ll) re-

action and increasing the overpotential of the HER. Iron-based electrodes with inorganic sulfide species

as additives are widely investigated. Yet, their exact working function is still unknown. Therefore ap-

pendix D] consists of a thorough up to date literature survey of theories concerning the working function

of sulfur containing species for iron-based electrodes. In this section solely a summary is given.
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FeS is less soluble than Fe(OH), as the solubility product of FeS and Fe(OH), are 4 107! and 1.65
10715, respectively. In addition the Fe/FeS reaction has a standard reduction potential of -0.970 V vs
SHE, which is more negative but close to the Fe/Fe(OH), reaction of -0.877 V vs SHE [17]. Thereby,
during discharge, some of the anionic sulfur species that occur within the electrolyte are suggested to
strongly adsorb on the surface of the iron electrode and react to FeS [12],[26H28], 131} [106H108] out of Fe
by equation [3.6|or out of Fe(OH), by:

Fe(OH), + [S]?~ = FeS + 2[OH]~ (3.25)

The adsorbed iron(ll) sulfide species on the iron electrode surface are
suggested to increases the reactivity by:

e The increased disorder in the structure of the FeOx species, as F
reported by Cerny et al. [31], e

e The sustainment of electric conductivity by the incorporation of
FeS in the passivating lattice, as suggested by Vijayamohanan b} / FEOX
et al. [34] 35].

e The increased solubility of FeOx species, which is proposed by
several authors [30, 32} 134} 135/ 193] [109-111]. Fe

Ravikumar et al. suggests that the sulfur containing anions in the EFES
electrolyte act as a local buffer of pH at the surface of the elec-
trode and cause an increase in the Fe/Fe(ll) reactions during dis-

FIGURE 3.15: lllustration of (a)
charge [27, 128, 131] 44].

passivating FeOx layer and (b)
a possible effect of FeS for the

Either way, the presence of iron(ll) sulfide added to the iron-based FeOx layer

electrode and anionic sulfur species within the electrolyte are both

found to prevent the build-up of a passivating layer and generated

overpotential by this passivating layer as illustrated in figure 3.15][12,

16}, [27H29] [31], [34H36, [38] 144, 56|, 58|, (77, 111H113]. A passivating layer helps facilitate the HER. As
iron(ll) sulfide additives are found to decrease the passivating layer they indirectly increase the overpo-
tential of the HER as well [12], [16] 27H29, [31], 34436 [38, 144! (56, 58, 59, [77, 111-H113]. By increasing
the overpotential of the HER and decreasing the overpotential of the Fe/Fe(ll) reactions the reversibility
of Fe(OH), and especially the FesO,4 to Fe is enhanced by which the accumulation of FeOx is pre-
vented [12].

Several authors report that the beneficial effect of anionic sulfur species for the iron electrode as part of
a NiFe cell to fade away over subsequent cycles. Sulfur containing anions are suggested to oxidize irre-
versibly to sulfate, presumably at the cathode, causing a depletion of sulfur containing anions. Manohar
et al. (2015) found that when having high concentrations of FeS incorporated in the electrode as starting
material leads to long-term stability. The high concentration as precursor material acts as a reservoir,
providing a sustained release of anionic sulfur species in the electrolyte over a long period of time as
illustrated in figure [3.16]



CHAPTER 3. TECHNOLOGY 35

s |l
' f i ' a
| = | =) |[) mEm '—P eondll

2
J L S

Charged Discharged Re-charged After several Faded After
Electrode Electrode — Electrode cycles—Lossof  Electrode  addition of
Formation of in-situ formed sulfide-
magnetite iron sulfides and Reactivated
accumulation of Electrode
magnetite
- ‘ - —~— ' - H Nickel Mesh
' ' ' . Iron particle
' ' ' I Iron hydroxide
] |
\ J | ' \. Fes . Fe,0, )
Charged Discharged Re-charged Re-charged
Electrode Electrode Electrode. Electrode after

several cycles—
No accumulation
of magnetite

FIGURE 3.16: lllustration of the charge/discharge behavior of a carbonyl iron electrode with
(a) Bi»S3 additives and (b) FeS + Bi,O3 additives (Used from Manohar et al., 2015) [12].

Comparably, selenium and tellurium containing anions could have a similar beneficial effect for iron-
based electrodes as sulfur containing anions [107, 114]. Cerny et al. (1993) indicates comparable
effects of selenium(IV) dioxide (SeOs) as sulfur containing anions and assumes a similar adsorption
mechanism of iron(ll) selenide (FeSe) as FeS [101]. FeSe has lower solubility than FeS, having a Ksp
of approximately 1026 and the standard reduction potential of the Fe/FeSe reaction is -1.22 V vs SHE,
which is more negative as well [17,[i15]. This suggests a higher irreversibility of the formed FeSe on
the electrode surface. Selenium and tellurium containing compounds as additives for the iron-based
electrode are not further reported in scientific literature.

SPECIES THAT DECREASE THE OVERPOTENTIAL OF THE Fe/FE(ll) REACTIONS BY SUPERCON-
DUCTIVITY

Sustaining electrical conductivity during the discharge can be problematic due to the formation of electri-
cally insulating FeOx. A high electric conductivity of the electrode can lead to lowering the overpotential
of the oxidation of iron, causing the prevention of rapid passivation of the Fe electrode surface and
HER. In addition, conductivity can also enhance the utilization of the active material. Highly conductive
(superconductive) materials and methods to attain superconductivity have been investigated, such as
nano-structures [103], grafting- [53] 67} [102] and coating methods [40].

SPECIES THAT INCREASE THE OVERPOTENTIAL OF THE HYDROGEN EVOLUTION

Several species are known for their high overpotential for the hydrogen evolution to occur, such as lead,
cadmium, indium, mercury, bismuth and copper containing species [100]. Solely bismuth and copper
are considered non-toxic and thus suited for an eco-friendly iron-based electrode.
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As bismuth containing species bismuth(ll) oxide and bismuth(ll) sulfide have a more positive standard
electrode potential compared to reaction Fe/Fe(OH)s, elemental bismuth is formed more readily than
elemental iron during the reductive charging. The presence of bismuth or bismuth containing species
increase the overpotential of the HER. The high hydrogen overpotential on bismuth is due to its weak
electrosorption of surface bonded hydrogen intermediates [42) 58] 159]. In addition, as elemental bis-
muth and bismuth containing species are electrically conductive, it is suggested that they decrease
the passivation of the iron-based electrode, supporting higher discharge rates. Belasubramanian et al.
(1993) was the first to incorporate bismuth(lll) sulfide (Bi2S3) [36] after which Manohar et al. (2013)
applied Bi2 O3 into the iron-based electrode [58].

Copper and copper containing additives for the iron electrode also increase the overpotential of the
hydrogen evolution. Unfortunately only Paruthimal Kalaignan et al. (1996) studied metallic copper as
additive to improve charge retention and cycle life of iron-based electrodes. He suggests that inorganic
copper containing species increase the hardness strength, electric conductivity and favor a uniform pore
size distribution. The solubility of Cu in alkaline solution is relatively high compared to iron, having a
Kgp of approximately 1.2 1073 [{7]. Paruthimal Kalaignan et al. (1996) identified ionic copper species
by CV as discharge reaction products. The higher solubility of copper is problematic as it favors self-
discharge by enhancing the dissolution of iron species. In contrast, dicopper(l) sulfide and copper(ll)
sulfide have standard reduction potentials of 0.95 V and 0.7 V vs SHE and have very low solubility
with a Kgp of approximately 2.5 10°° and 4 1032, respectively [17]. In line with the theory of Cerny et
al. and manohar et al., copper containing metal sulfides could attain an even higher irreversibility at
the iron-based electrode during charge/discharge as iron(ll) sulfides, looking to their standard electrode
potential and solubility.

SPECIES THAT MODIFY THE HYDROPHOBICITY OF THE ELECTRODE SURFACE

Organo-sulfur species are well known for their tendency to form self-assembled monolayers on gold,
copper and other metal surfaces [116]. Yang (2011) shows that the HER can be strongly influenced
by alkanethiols as additive in the electrolyte. [64]. The HER is highly influenced by the chain length.
The longer the chain the more the hydrogen evolution is suppressed. However too long chains cause
total exclusion of the iron-based electrode from the electrolyte leading to limiting reactivity. Malkhandi
together with Manohar et al. (2011) reported a coulombic efficiency of 90% over multiple cycles by
using alkalnethiols as additives for an iron-based electrode [61] 63]. Unfortunately little is mentioned
concerning long-term stability. In a subsequent study the stability of organo-sulfur additives is ques-
tioned by Yang et al. (2014) [60]. In this way sulfur containing species are used mainly as a ligature. It
has not been questioned by the authors if the organo-sulfur species still have the beneficial effects for
the iron-based electrode as with inorganic-sulfur species.

SPECIES THAT SHIFT THE POTENTIAL OF THE OXIDATION OF IRON TO MORE POSITIVE PO-
TENTIALS

The standard reduction potential of the Fe/Fe(OH)s reaction can be lowered by mixing the iron contain-
ing compounds with compounds that have a more positive standard reduction potential. Even active
material of the counter electrode (Ni(OH)2) is known as additive for the iron-based electrode but also
Co(OH), can be applied [100].

SPECIES THAT CAPTURE GAS EVOLUTION
In order to attain sealed NiFe cells, species can be applied that capture possible H, gas production at
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the iron-based electrode. This can be done by using additives or rather catalysts that can recombine with
the gas evolved. Intermetallic compounds are known to be able to store large quantities of Hs. Hence,
it is expected that Hy gas produced upon charge is adsorbed by these intermetallic compounds. During
subsequent discharge the adsorbed hydrogen can recombine with O, to form H,O and replenish in the
electrolyte. Hariprakash et al. (2005) investigated platinum/Cerium(IV) oxide for within the electrolyte
that resulted in the first starved and sealed NiFe cell [55]. Rangel Cardenas recently investigated the use
of LaNi5 as additive for an iron(ll) sulfide electrode for E_.STONE Batteries [105]. In practice the addition
of LaNi5 even increased the efficiency of the cell, presumably by increasing electric conductivity, taking
part of the redox reaction and/or decreasing the overpotential caused by hydrogen gas bubbles.

SPECIES THAT FAVOR REVERSIBILITY

Some additives tend to favor the reversibility. As already explained in the previous additive section, spac-
ing agents, such as Ni(OH), and Co(OH)s, maintain reactivity and homogeneity of the solid mass [100].
Recently, Manohar et al. (2015) found to sustain the beneficial effect of sulfur containing additives to
maintain more reversible species of iron as already discussed before [12]. A recent study by Kwon et
al. (2005) suggests that addition of ionic silicate species could also inhibit the spontaneous formation
of FeOOH to Fe203 but is not yet investigated by an electrochemical study [117]. LiOH and NaOH
additives within the electrolyte also seem to increase the reversibility of the NiFe system as a whole.
These are further discussed in the electrolyte section.

THE IRON(Il) SULFIDE ELECTRODE

So far, iron(ll) sulfide as starting material for an electrode has solely been studied by E_STONE Batteries
and Shangguan et al. versus a nickel-based electrode in alkaline electrolyte and has not been applied
commercially. Based on the characterization study of Shangguan et al. the charge/discharge behavior
of the FeS electrode is considered to be similar to the iron-based electrode [67]. No possible other
species are mentioned than already given in the employed materials, iron-based electrode section.

Iron(ll) sulfide has a hexagonal crystal structure

is an inorganic compound containing transition metal iron in +2 oxidation state and sulfide ion 1:1 ratio.
It is pyrophoric in nature. It adopts a hexagonal crystal structure. It belongs to the category of inor-
ganic sulfide compounds. It is also known as troilite, iron sulfide, ferrous sulfide, black iron sulfide and
protosulphuret of iron.

SEPARATOR

The function of the separator is to physically separate the electrodes while allowing ionic charge carriers
to penetrate through the separator. An alternative is to apply a salt bridge between the two half cells but
in most cases this limits the current density of the total cell. Main criteria of the material of the separator
is the chemical stability and wettability for permeability over the lifetime of the cell. Standard applied
separators for alkaline aqueous cells are made of polyolefin nonwoven separators. Polypropylene and
polyethylene based separators are hydrophobic and must be treated to enhance its wettability before
being used as separator. [8].
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ELECTROLYTE

To maintain a good reactivity between the electrode and electrolyte it is advantageous to use a solid/lig-
uid interface as the reactions cause volume changes of the electrodes and electrolyte. Most nickel-
based systems use an alkaline agueous potassium hydroxide salt environment to transport charge
carriers, which the electrodes use to reduce or oxidize.

OPTIMAL CONCENTRATION AND VOLUME OF THE ELECTROLYTE

The rate of the oxidation and reduction reactions depend on the ionic conductivity of the electrolyte
and the possibility of hydrogen evolution. Following the Nernst equation the hydrogen evolution is less
prone to occur at the surface of the electrode with increasing [OH~]/[H3O] ratio, by which the discharge
capacity and stability of the iron-based electrode is found to increase [47, /50, 103! [118l119]. Nonethe-
less, too high alkaline concentrations increases the dissolution of iron, which is suggested to reduce
the high current density rate performance and discharge capacity [47),[103]. The increase in discharge
capacity and decrease of the oxygen evolution by an increase of the [OH~]/[H,Q] ratio also accounts
for the nickel-based counterelectrode. A high [OH~]/[H2O] ratio of the electrolyte is also known to favor
swelling of the nickel-based electrode, leading to a reduced cycle life. Too high salt concentrations also
lead to high viscosities and resistance limitations in diffusion and convection of the electrolyte, resulting
in a lowering of the ionic conductivity. Several electrochemical studies indicate an optimal salt concen-
tration of 5-6M of the electrolyte for the performance of the NiFe system [47, 189, [119]. The electrolyte
concentration can also be altered because of the performance requirements, such as the reaction rate,
temperature and cycle life [8].

There is little scientific research found concerning the effect of difference in electrolyte volumes on the
performance of the cell. Nonetheless, when having a sealed cell design the electrolyte quantity is said
to be a key parameter for the electrochemical performance [8]. Low electrolyte quantities can cause an
increased ionic resistance due to dry-out of the electrodes. On the other hand, high electrolyte volumes
lead to high distances between the electrodes that can result in high ionic conductivities and differences
in internal pressure due to the possible hydrogen- and oxygen evolution. A proposed optimal volume of
electrolyte is in the range of 1.5 102> mL/Ah [8].

FOULING OF THE ELECTROLYTE

Contact of the electrolyte with air can cause carbonate (CO§*) fouling. Atmospheric carbondioxide
(CO2) can react with KOH, Fe or FeOx species to form potassiumcarbonates (KCO3) and ironcarbon-
ates (FeCOs), respectively in the solution by a dissolution/precipitation mechanism. This is suggested
to infer with the Fe(0/Il) redox reaction [56} [120], most certain for a FeO cell [51} 162] but also studies
exist that indicate no limiting effect of [CO3]2~ fouling for a NiFe cell in aqueous solution [50, [94].

THE EFFECT OF THE CATION IN THE ELECTROLYTE ON THE ELECTROCHEMICAL BEHAVIOR
Additions of LiOH are already known since the discovery of the alkaline NiFe

cell [121]. For the iron-based electrode it has been found that pure LiOH/- Group1l
NaOH electrolytes or addition of small proportions of LIOH/NaOH into the elec- Li* Li
trolyte makes the redox reaction more reversible, resulting in a longer cycle ’
life [16] 29} 196], [119] and/or higher discharge capacities [93] 103} [118]. Some H.

studies found that these beneficial effects occur specifically for the Fe(ll/Ill) redox ‘
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reaction mechanism [29, 131,194, [107]. In contrast, Lei et al. reported better sta-
bility of iron-based electrodes in pure KOH solutions [103]. For the nickel-based
electrode it has been found that the addition of LiOH increases the discharge
capacity, decreases the swelling of the positive active material and improves the
high current density and temperature performance. In turn it has detrimental ef-
fects on the low temperature and discharge rate performance due to lower ionic
conductivity [8]. Different theories exist concerning the working mechanism and
effect of LiOH additives for the iron-based electrode:

Increased reactivity of the electrodes due to the smaller ionic radius of the
cation [26] 56/, [75] [93].

e Smaller ionic radius of the cation causes the hydrogen evolution to be less
prone to occur [8].

e Formation of a more porous passivating oxide layer [103].
e Change in reaction kinetics [29, [103].

e Enhancement of solubility of iron species [16] [103].

As shown in figure the Nat- and LiT cations have a smaller ionic radius than the K cation,
whereby the ionic penetration capability through the electrode/electrolyte passivating oxide lattice is
increased, allowing bigger film growth. This is suggested to lead to higher discharge capacities and
possible discharge current densities [26 156, [75, 193]. It is also suggested that the smaller the cation
the bigger the interaction is between the electrolyte and the cation [8]. This causes the electrolyte to
become less prone to oxidation and reduction by which the oxidation overpotential of the HER and
OER is increased. In contrast, addition of LiOH is suggested to increase the HER and decrease the
ionic resistivity of the electrolyte without explanation or mentioning where this is based on [56]. Lei et
al. (2015) suggests that Li™ cations favor the formation of a more porous Fe(OH), layer and thereby
enables faster [OH]~ diffusion across the electrode/electrolyte interface. They also suggest that Lit
cations prevent the formation of Fe3O4 as Li+ cations incorporate in the oxide lattice. In line, it is
suggested Li™ to be reduced to form Li, Fe, O, intercalation-compound intermediates, that are reduced
more easily than Fe3O4. By cyclic voltammetric experiments, Poa et al. (1985) found another reaction
mechanism for the Fe(ll/11l) redox reaction [29]. The occurrence of another reaction mechanism leads
to the suggestion that the LiT cation to change kinetic parameters, such as exchange current densities
and transfer coéfficients [56 [103]. In contrast, LiOH is found to significantly enhance the dissolution of
iron species, reducing the high current density rate performance and discharge capacity [16, [103]. In
addition it is suggested that Li™ additions in the electrolyte prevent CO§* fouling as lithiumcarbonate
(LioCO3) is less soluble than KCOg3 [16]. Moreover, for the NiFe system it is believed that addition of
LiOH into the electrolyte leads to the deposition of metallic nickel onto the iron-based electrode, thereby
blocking active surface area, resulting in a lowering of reactivity [103].
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3.5 DESIGN, COMPOSITION & PRODUCTION TECHNIQUES FOR
THE ELECTRODE & TOTAL CELL

Different electrode production techniques and cell constructions exist for alkaline aqueous systems.
These influence both the overpotentials of the half reactions as the electronic conductivity and reactivity
can be altered but also the occurrence of parasitic unwanted reactions. Unfortunately, little scientific
literature exists discussing such design parameters [42, 143, 65} 193] 195, (101} [122-124]. In practice,
commercial NiFe cells reach energy densities of 40-60 Wh/kg, while the theoretical energy density is
337 Wh/kg. This relatively high difference can be explained by the use of solely the weight of the
electrodes. Energy density losses that are not accounted for are (i) the electrolyte, (ii) weight of the
current collector, (iii) additives, (iv) added active material for life duration, and (v) casing parts [46].

COMPOSITION OF THE ELECTRODE

An ideal electrode structure maintains a high reactivity at the electrode/electrolyte interface over a long
cycling lifetime, which does not lead to conduction limitations of the electrons to the current collector.
Nano-porous structures within the electrode cause a high active surface area of the active material, by
which all of the active species is in contact with the electrolyte leading to a high reactivity. A microporous
structure prevents diffusion or migration limitations of the charge carriers that are necessary for the
reaction to occur. Within the electrode a high electronic conductivity prevents limitations in the transfer
of electrons from the electrochemical reaction to the current collector or vice versa. A high electronic
conductivity does not go hand in hand with a porous structure. To preserve mechanical integrity of
the electrodes, changes of the active material should be minimal. Most electrode designs only contain
active material in contact with a current collector but in some electrode designs binding- and conductive
additives are added to increase cohesion and conductivity, respectively.

THE ACTIVE MATERIAL

Excluding sintered plate designs, it is preferred to have small particles of active material uniformly
dispersed over the current collector. The small particles have a high active surface area, while a uniform
dispersion increases the electronic conductivity and prevents rapid passivation [56]. It is suggested to
have an optimum in particles size in the submicron range. Decreasing the particles size increases the
active surface area but on the other hand too small particles are expected to decrease the reactivity by
the total dissolution of the particles. Different grinding and mixing methods can be applied to attain small
particles and a uniform mixture, respectively. Moreover, a recent study by Li and Shangguan et al (2015)
indicates that a pre heat treatment of the particles can cause a crystal grain refinement that improves
the physical and electrochemical performance of FeOx material in charging efficiency, capability and
cycling stability [125].

THE CURRENT COLLECTOR
As depicted in figure|3.18] the current collector is usually a metallic nickel mesh or foam. Metallic nickel
is preferred over other metals such as iron because of its higher durability in alkaline solutions.

BINDER ADDITIVE
To adhese the active material to the current collector a polymer binder can be necessary to be applied,
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FIGURE 3.18: Typical metallic nickel cur-
rent collectors: (a) foam- and (b) mesh

type

depending on the production technique. The polymer binder is selected for its thermochemical resis-
tance and adhesive properties. Most thermochemical resistant polymer binders have the disadvantage
to be electronically insulating and hydrophobic. Kitamura et al. (2012) showed differing results for iron-
based electrodes due to different binders applied [124]. PE and PTFE as binder resulted in the highest
discharge capacities in a solution of 6M KOH electrolyte.

CONDUCTIVE ADDITIVE

The active material can have insulating intermediates involved during the charge/discharge process,
such as Fe(OH),. Due to insulating intermediates and/or the insulating property of the polymer applied
it can be necessary to blend the active material with conductive nanoparticles, such as amorphous
conductive black carbon (Super P) or graphite to increase the electronic conductivity. In my previous
work | applied amorphous carbon and graphite for phase inversion iron-based electrodes [126]. For
phase inversion produced iron-based electrodes, the highest discharge capacities were achieved by
using Super P as conductive additive.

PRODUCTION TECHNIQUES FOR THE ELECTRODES

Commercially applied electrode designs are: pocket-plate-, sintered-, and pasted electrodes. A new
electrode design has been investigated by E_.STONE Batteries based on a phase inversion production
technique [126]. Figure [3.19]shows the volume distribution of the different electrode designs.

nickel
sintered
substrate . .
strip | active material porosity
Sintered plate = 8 - 50 30
foam binder conductive material active material porosity
(Hot) pressed polymer pasted - 5 25 30
binder conductive material active material porosity

Polymer phase inverson = 8 21 50

FIGURE 3.19: Volume distribution of different electrode designs (Updated from P. Bernard et
al., 2015 [8]).
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THE POCKET PLATE TECHNIQUE

Back in 1897-1903 the first electrode de-
sign was based on the pocket-plate tech-
nology as shown in figure [100]. Pre- Single pocket Pocket plate

Active Material C !

s Steel frame

shaped perforated nickel plated steel sheets
are filled with palletized active material parti-

cles, which is blended with conductive addi- ’/
tive, mostly graphite. the particles are then '

pressed and hold together as pockets with Perforated steel strips

folded strips along the edges. The nickel
pockets both act as holder of the small par- Pockets

ticles and current collector [8]. The occur-

rence of the current collector at the elec- FIGURE 3.20: Pocket plate design (used from P. Bernard
trode/electrolyte interface is believed to in- etal., 2015 [g]).
crease the overpotential of the hydrogen
evolution. On the other hand the nickel-based pockets also cause a general increase in overpotential
due to necessity of diffusion through the perforated steel and pressed palletized active material. There-
fore, this design is only suitable for low-current density applications [100]. The pocket plate technology

is still widely applied, presumably due to its robust design.

THE SINTERED PLATE TECHNIQUE

Sintering is a thermal deposition process in which loose active particles are transformed into a coherent
porous body by heating just below the melting point in a reducing atmosphere. The active material
can be sintered on a conducting mesh to act as a current collector and blended with pore formers and
binders. Sintered electrodes are famous for their porosity leading to a large surface-area and high
electrical conductivity within the electrode. The high electric conductivity is due to the crystal binding
between the active material in combination with a high mechanical strength. Unfortunately, these type of
electrodes have a relatively high inactive/active weight ratio and involve high production costs [8, [100].
Subsequent to the pocket plate technology, sintered electrodes have been the dominant technology as
they allow higher charge/discharge rates than the pocket plate technology [8].

THE (PRESSED) POLYMER PASTED FOAM TECHNIQUE

Polymer pasted foams are interesting due to their low-cost production method and allow higher volu-
metric energy densities than the designs discussed above. The active particles are pasted onto a metal
substrate that acts as current collector using a polymer binder. As the polymer negatively influences
the electric conductivity of the electrode, conductive additives are necessary additives to maintain con-
ductivity. The pasting occurs by a thermal or evaporation mechanism in which the polymer fluidizes
and precipitates onto the substrate, ideally holding the active and conductive material onto the sub-
strate. During the pasting the substrate containing the active material can be pressed to decrease the
thickness of the electrode and attain a more rigid structure.

THE POLYMER PHASE INVERSION TECHNIQUE
A new low-cost production method has been investigated by E_STONE Batteries in my previous work
to create highly porous structures and thin electrodes in order to attain a very high reactive surface
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area [126]. This technique is based on a polymeric solidifying structure that can be created by phase
inversion, activated by a demixing process without applying heat nor pressure and without the necessity
to use a foam nor plate. In contrast to the polymer binder used for polymer pasted foams, caution needs
to be taken for the polymer used. The polymer needs to be solvable, which goes hand in hand with less
thermochemical resistance. Though this technique looks promising, it needs more investigation.

CELL DESIGN

As shown in figure [3.27] aqueous cells are available in winded cylindrical- or rectangular parallelepiped
cells. The cells can be stacked in series or parallel (bipolar), depending on the necessary energy
capacity. To deal with the depletion of the electrolyte, non-sealed valve regulated cells exist to refill the
electrolyte [8]. Cells can be sealed when no build-up of gas occurs within the cell (100% coulombic

efficiency) or hydrogen and oxygen adsorbing additives are applied.

CYLINCRICAL CELLS

The electrodes can be coiled together with a separator in a jelly roll. The roll is then inserted in a
cylindrical nickel plated steel can with the top cover welded to the positive electrode and the negative
electrode connected to the can. The electrolyte can be poured into the can by which the electrolyte
equals the volume of the porous electrode and separator. The top is cramped by which it can be ripped
of by internal overpressure due to over charge/discharge.

RECTANGULAR PARALELLPIPED CELLS

For the bigger cells rectangular designs in parallelepiped cases exist. Therefore the electrode needs
to be cutted in a rectangular shape. In between the electrodes a separator is placed. For rectangular
parallelepiped cells an excess amount of electrolyte is added and sealed with a safety vent, which makes
it also possible to refill the cell.

FIGURE 3.21: (a) Cylindrical-, (b) rectangular parallelpiped- and (c) bipolar alkaline cells (used
from P. Bernard et al., 2015 [8]).
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3.6 ELECTROCHEMICAL ACTIVATION OF THE NiFe CELL

For all types of electrochemistry in the first series of charge/discharge cycles an increase in discharge
capacity occurs until a comparatively stable discharge capacity is attained [8]. For iron-based elec-
trodes this can take up to 20-50 cycles and is known as formation or activation cycles. Other battery
chemistries, such as lead-acid, have the necessity of just one formation cycle. Activation of the elec-
trodes is a critical step during manufacturing of a cell before it can be used. Therefore activation cycles
do affect the final cost of the battery. The stable discharge capacity at the end of the activation indicates
the possible utilizable amount of active material within the electrode. For an iron-based electrode this
involves the increase in reactivity between the electrode and the electrolyte leading to the formation
of FeOx species during oxidation and following redeposition to metallic iron by reduction. Figure
shows typical activation cycles of an FeS hot pressed electrode. During the charge an electron flux
into the cell causes reduction of the iron-based active material by which the voltage increases up to
its nominal capacity. Subsequently, an electron flux can be attained out of the cell during discharge
by the oxidation of the active material leading to the discharge capacity. Vijayamohanan et al. (1990)
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FIGURE 3.22: Typical formation cycles of an FeS hot pressed electrode.

attributes changes in morphology and conductivity as a result of the activation cycles of iron-based elec-
trodes [54]. It can also involve an increase in reactivity due to a decrease in surface tension or increase
in wettability between the electrode and the electrolyte. For example Manohar et al. (2012) ascribes the
slow formation on the poor wettability of the electrode. As it takes several cycles to penetrate the pores.
The poor wettability is suggested to be due to the use of a hydrophobic polymerbinder [13] but can also
be due to the hydrophobicity of the conductive additive.

The discharge products of an iron-based electrode are relatively insoluble. Hence the iron-based elec-
trode is expected not to have a shape change as encountered with zinc electrodes. Nonetheless, as
the iron based species are still sparingly soluble this causes the dissolution/precipitation mechanism to
occur, which leads to an increase in roughness of the surface and thus an increase in electrochemically
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active surface area as shown in figure [13,116]. In addition it is suggested by doing so activation
cycles are expected to remove any soluble impurities and thereby to purify the electrode [? ]. What also
can be altered by the activation cycles is the crystallite grain, which is also called inoculation.
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| Formation of | Electrode | Iron deposition
Freshly Fabricated | Fe (OH), during I completely passive 1resulting in area
Electrode : discharge : - End of discharge :/ncrease.
1 1

FIGURE 3.23: activation and creation of high active surface area of the iron-based electrode
(used from Manohar et al., 2015 [13])

The number of activation cycles depends on the properties of the starting material: Its solubility, active
surface area and if it is in an oxidized or reduced state. Manohar et al. (2012) says that the metallic
reduced state of a metal takes more activation cycles than an oxidized precursor material. He also
ascribes the length of activation to the method of production-e.g. pocket plate, sintered or polymer-
bound (hot)-pressed- and electrode or electrolyte additives [13, 154} 193} 122, 1123| [126]. Manohar et al.
(2012) found that porous electrodes or by applying a wetting agent to the electrolyte, an accelerated
activation can be achieved [13].

Both Vijayamohanan et al. (1990) and Manohar et al. (2012) mention a beneficial effect of sulfur con-
taining anionic species for the activation of an electrode. The former attributes this to the increased
electrical conductivitiy by FeS in the passivating oxide layer when added to the electrode active mate-
rial [54]. This suggests that the passivation of the electrode restricts the discharge capacity in every
cycle during formation [13]. As already discussed in the additives section of the iron-based electrode,
the addition of sulfur containing anionic species can prevent the build-up of the passivating layer and
are suggested to accelerate the activation process.
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4.1 INTRODUCTION

In this section current performance parameters and most recent performance enhancements are dis-
cussed of NiFe based batteries for the application of daily stationary energy storage. The main important
parameters are the efficiency, lifetime, power capacity, self-discharge, robustness and maintenance re-
quirements. Most losses in performance are caused by limitations of the iron based electrode. Therefore
most performance-related research is focused on the performance of the iron electrode but equals the

performance of the overall NiFe cell.

4.2 GENERAL CHARGE/DISCHARGE BEHAVIOR

THE WELL STUDIED NiFe CELL

C/20

/10

0.8 c/5
| 0.7
------ Charge —— Discharge 06

l J l - 0 1 2 3
0 05 1 15 2 2. Eneray capacity (MA) 10
Energy capacity (mAh/g) 104 gy capacity (mA), 19

(A) Typical charge/discharge curves with which reaction at
which plateau at 25 °C.

(B) Typical discharge curves for various
c-rates at 25 °C.

FIGURE 4.1: charge-discharge curves of a commercial NiFe cell.

Typical charge/discharge curves of a commercial CHANGHONG NiFe battery are shown in figure [4.1a]
and for different C-rates in figure [4.7b|at 25 °C. The open circuit potential is 1.4 V, the nominal voltage
is 1.2 V and the maximum voltage that can be applied is 1.7-1.8 V. During discharge of a NiFe cell a
flattening in discharge capacity with decreasing voltage can be found, a so-called discharge plateau,
around 1.2 V and 0.85 V at C/20 and C/5 rate, respectively. In commercial cells the nickel-based elec-
trode is rate limiting. Therefore the discharge capacity against the voltage shows the charge/discharge
behavior of the nickel-based electrode resulting in one plateau ascribed to the biphasic reaction between
nickel hydroxide and nickel oxyhydroxide. Compared to other nickel-based systems the NiFe cell shows
a high internal resistance, as by increasing the C-rate the potential shifts significantly to more negative
potentials. Therefore the NiFe battery is only suited for 5-10 h rates of discharge.
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THE NiFeS CELL
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FIGURE 4.2: Typical charge-discharge curves for a NiFe and NiFeS cell in which the Fe and
FeS electrodes are limiting.

Figure shows charge/discharge curves for a NiFe cell in red and a NiFeS cell in blue in which
the Fe and FeS electrodes are rate limiting. In contrast to figure two distinct plateau’s can be
found for both electrodes. For the iron electrode, from more positive potentials and decreasing, the first
plateau accounts for the oxidation of Fe(0) to Fe(ll) species between 1.3-1.08 V. The second plateau
accounts for the oxidation of Fe(ll) to Fe(lll) at 1.08-0.85 V. Then, during charge, from a low potential
and increasing, the first plateau accounts for the reduction of Fe(lll) to Fe(ll) species between 1.22-1.25
V. At potentials more positive than 1.3 V, the subsequent plateau accounts for the reduction of Fe(ll)
to metallic Fe and/or the hydrogen evolution. For the FeS electrode the plateau’s occur at the same
potentials, except that during charge a third plateau can be found subsequent to the second plateau.
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FIGURE 4.3: Typical activation cycles for a hot pressed FeS electrode.
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Figure depicts the activation cycles of the FeS electrode. An irreversible reaction at 0.9-0.8 V is
observed during the initial cycles. The occurrence of this reaction plateau leads to a high discharge
capacity during the first number of cycles and causes the activation of the other reactions to be accel-
erated.

4.3 PERFORMANCE OF IRON-BASED ELECTRODES

In table [47]the performance parameters of iron-based electrodes are given that are recently published
in comparison to a commercial electrode and electrodes manufactured by E_STONE Batteries. The
performance parameters that are compared are the overall- and coulombic efficiency, the discharge
capacity, the number of cycles and the self-discharge at C/5 rate. Figure illustrates the discharge
capacities of these electrodes at different C-rates. For these different C-rates little is mentioned concern-
ing the stability over subsequent cycling, solely for a rate of C/5. Caution must be taken with comparing
discharge capacities for different c-rates as the c-rate depends on the nominal capacity, which can be
chosen arbitrarily.

In 2012 Rajan et al. (2014) published results of sintered iron electrode containing carbon grafted FesO4
(Fe3Q4/C) as starting material and having carbonyl iron and Bi,O3 as main additives. The Fe30,4/C
electrode (A) achieved a discharge capacity of 400 mAh/g at C/5 rate with a coulombic efficiency of
80%, reported for 100 subsequent cycles. The discharge capacity remains stable also at higher C-rates,
presumably as sintering is used as production technique. Unfortunately little is mentioned concerning
self-discharge and long-term stability. In a series of articles Manohar et al. (2012-2015) investigated
different compositions with carbonyl iron as starting material. Using Bi>O3 as additive (B.2), resulted in
a coulombic efficiency of 96% and appeared to be stable over a number of 300 cycles. The addition of
FeS and Bi» O3 to the carbonyl iron electrode (B.3) ultimately led to stable cycling over 1200 cycles with
a 92% coulombic efficiency. Nothing is mentioned concerning self-discharge. In comparison to other
electrolyte compositions, it is remarkable that Manohar et al. used pure KOH without the addition of
LiOH. By 2015 Shangguan et al. (2015) introduced iron(ll) sulfide as starting material for an electrode
(C.1) [67]. By applying carbon grafting of the material and addition of Bi;O3 (C.3), a coulombic efficiency
of 90% has been achieved over a series of 200 cycles. They demonstrated specific capacities of 230
mAh/g at high C-rates of up to 4, introducing the suitability for high power applications. In another study
Shangguan et al. showed the effect of annealing Fe3O4 (C.4) on the performance of an electrode [125]
. The annealing material resulted in a discharge capacity of 604 mAh/g, which is 66% of the theoretical
energy density of iron, and a coulombic efficiency of 84% over 100 cycles. In 2012 Wang et al. intro-
duced a graphene coated FeO electrode (D) with a coulombic efficiency of 100%, a discharge capacity
of 125 mAh/g for 800 cycles and a stable discharge capacity at high C-rates up to 10C [102]. Wang et al.
achieved these results by using a nickel-based counterelectrode with carbonnanotubes. This suggests
that nickel cathodes could also affect cycling performance at high c-rates. In 2012 T. van Dijk showed
coulombic efficiencies of 100% of a cold pressed pure FeS electrode (E.1) stable over 150 cycles by
only cycling on the Fe(ll/lll) plateau [45]. Though the discharge capacity is 120 mAh/g very high effi-
ciencies were met by the prevention of attaining potentials at which the hydrogen evolution takes place.
Unfortunately after multiple efforts the Fe(lI/lll) reaction could not have been stabilized. By the end of
2015, efforts for writing this thesis resulted in a hot-pressed electrode having FeS as starting material
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(E.2) with a discharge capactiy of 396 mAh/g and a coulombic and overall efficiency of 92% and 77%,
respectively, stable for a series of 120 cycles. The self-discharge has been found to be 5% at a 100%
SoC. Appendix [? ] describes the experiment in more detail.

Based on research by Manohar et al. and E_STONE batteries commercial pocket plated Fe30, elec-
trodes already achieve coulombic efficiencies of 96% for 4000 cycles, with discharge capacities of 380
mAh/g and a 0% self-discharge.
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FIGURE 4.4: Discharge capacities of iron-based electrodes as a function of the c-rate.
TABLE 4.1: Performance characteristics of iron-based electrodes at C/5 rate.
Label Active Particle| Production . Composition electrode Efficiency Discharge | Cycles Self- Author
material size technique & design & electrolyte capacity discharge
(o) (Wt%) & (M) (c%)| (%) | (mAh/g) (no.) (%l/day)
Comm-| Fe304 1-3 pressed on Fe304 :Graphite= 96 55 380 - ~ 0 %ANGHONG
ercial Ni pocket plate 80-90:10-20% &
~4.5M KOH 0.5M LiOH
A Fe304/C | 5-10 pressed at Fe3O. /C:c-a»Fﬂ 80 400 100 - Rajan et
675kg/cm® & sintered | PTFEPICarbol al. ~(2014)
at 350C on Ni grid BizO3: NiSO4*7H20=
72.5:10:6:10:1:0.5% &
6M KOH 0.4M LiOH
c-a-F{l 0.5-3 hotpressed at c-a-Fe:PE:K2CO3: Manohar et
5kg/cm® & 140°Con | Bi2O3:BizS3:FeS= Sl(hs ]
Ni grid IB_EII’S_%I nz
B.1 81:9:10:0:0:0% 90 180 30 -
B.2 71:9:10:10:0:0% 96 290 300 -
B.3 67:9:10:0:10:5% & 92 250 1200 -
5.3M KOH
FeS/(ﬂ 5-15 Dried at 80°C & FeS:FeS/C:PTFEﬂ Shangguan
pressed at 10MPa on Carbon:Bio O3= et al. (2015)
Ni foam
C.1 85:0:5:10:0% 80 287 200 -
C.2 0:85:5:10:0% 86 310 200 -
C3 0:82:5:10:3% & 90 325 200 -
6M KOH 0.5M LiOH
C.4 Fe304 0.2 Heated to 700°C, Fe3 0,4 :PTFE:Graphite= 84 604 100 -
dried at 80° 87:3:10% &
pressed at 10MPa on
Ni foam
6M KOH
D FeO/ - dried on Ni foam FeO:glucose:PTFE= 100 125 800 - Wang et al.
graphene at 80°C, heated at | 100:20:5% & (2012)
550°C and pressed
t0 0.5 mm
1M KOH
E.1 Feﬂ - Pressed at ? FeS=100% & 100 | 82 120 150 5 T van Dijk
(2012) [45]
6M KOH
E.2 FeS® - Hotpressed at ? on Ni FeS:PE:Carbon= 92 77 396 120 5 Appendix ?2?
foam 85:5:10 & %
6M KOH 0.5M LiOH

aCarbonyl iron

b.

in H2 O solution
cCarbon black Super P

dCarbonyl iron SM grade BASF

eAnaIyticaI grade iron(ll) sulfide Alfa Aesar

f.

in Ho O solution
gTechnicaI grade iron(ll) sulfide BASF
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4.3.1 EFFICIENCY & C-RATE PERFORMANCE

COULOMBIC EFFICIENCY

For the application of stationary energy storage it has been suggested it is necessary to be able to
charge/discharge up to 5C rates. A commercial cell attains a coulombic efficiency of 96% but shows a
decrease to near zero discharge capacities at C-rates higher than C/5. Research by Manohar et al. (B)
and Shangguan et al. (C) exemplary indicates the effect of additives on the cycling behavior.

In a series of articles Manohar et al. (2012-2015) investigated different compositions with carbonyl
iron as starting material. Already surprisingly high coulombic efficiencies of 90% were reached for a
high-purity carbonyl iron electrode (B.1) but shows a high instability as just 30 cycles were met and
near zero discharge capacities at C-rates higher than C/5, similar to a commercial pocket plated cell.
The former is suggested to be caused by the formation of irreversible FeOx species and the latter is
found to be a result of the occurrence of the passivation layer. Efforts to prevent the formation of the
passivation layer resulted in a carbonyl iron electrode with Bio O3 additives (B.2), which showed less loss
of discharge capacity at higher C-rates, an increase in coulombic efficiency up to 96% and appeared to
be stable over a number of 300 cycles. The addition of FeS and Bi,O3 to the carbonyl iron electrode
(B.3) ultimately led to stable cycling over 1200 cycles with a 92% coulombic efficiency.

Shangguan et al. showed a coulombic efficiency of 80% for a FeS electrode (C.1). By grafting the
FeS with carbon (C.2) a 86% coulombic efficiency has been reached. By adding 3wt% Bi;O3 (C.3) a
90% coulombic efficiency has been attained. The sulfur containing specie as starting material of all
iron(lIl) sulfide based electrodes (C.1-C.3) resulted in a less decrease in discharge capacities at C-rates
between C/5-4.2C in comparison to the pure carbonyl iron-based electrode by manohar et al. (B.1).

OVERALL EFFICIENCY

Due to the design of the pocket plated electrodes commercial NiFe cells possess a high loss of overall
efficiency up to 55%. By using a pasted electrode design and FeS as starting material, E.STONE
Batteries shows that the overall efficiency can be increased to 82% at C/5 rate. No other research exist
concerning the overall energy efficiency of iron-based electrodes.

4.3.2 LIFETIME PERFORMANCE

In primary literature the commercial NiFe system is reported to have a long cycle life of 4000 cycles,
which represents 20-60 years and to be very robust for over-charge/discharge and elevated temperature
operation [8} [16} 57]. Actual scientific literature to support this is scarce. B.3 and D reach 1200 and
800 cycles, respectively. This indicates that using different starting material roughly the same order of
cycle life can be obtained similar to the NiFe system. In general a photovoltaic cell has a lifetime of 15
years. Thus reaching in the order of 1000 cycles can be considered as a minimal criteria for a stationary

energy storage system.
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4.3.3 SELF-DISCHARGE PERFORMANCE

The self-discharge of the commercial CHANGHONG NiFe cell has been found to be near 0% per day.
Primary literature mentions the self-discharge of NiFe cells to be 0.6-1.0% per day. Studies that inves-
tigate sulfur containing additives for iron-based electrodes mention little concerning the self-discharge.
The hot-pressed FeS based electrodes that are produced by E_STONE Batteries show a self-discharge
of 4.5% per day at 100% state of charge by which the potential decreases up to 1.4 V. This is roughly
five times the amount of a commercial NiFe battery and suggests sulfur containing additives within the
electrode increase the self-discharge of the iron-based electrode significantly.

Self-discharge occurs due to unstable forms of iron alloys and/or hydrogen evolution on the surface of
the iron electrode. As the Hydrogen evolution occurs mainly at the more positive potentials within the
voltage range, it is plausible that at lower state of charges less self-discharge could occur at the FeS
electrode. Therefore a more elaborate self-discharge study is necessary at different states of charges.

4.3.4 ROBUSTNESS, SAFETY & MAINTENANCE OF THE NiFeS CELL

ROBUSTNESS FOR OVER-CHARGE/DISCHARGE

The NiFe cell is known for its robustness to withstand over-charge/discharge. The Hydrogen evolution
and Oxygen evolution causes the battery to be resistant again over(dis)charge. The addition of sulfur
containing additives is not expected to influence the robustness for over-charge/discharge of the cell.

TEMPERATURE PERFORMANCE

As for all battery systems, low temperatures causes the charge and discharge reactions to be kinetically
reduced and the resistance and viscosity of the electrolyte to increase. Both lead to a decrease in
capacity. For the NiFe system also the solubility of reaction intermediates decreases, contributing to
the decrease in capacity. Too high temperatures exceeding 50 °C must be avoided as well as the high
solubility of the iron species can adversely affect the nickel-based electrode by incorporating iron species
in the crystal lattice. The effect of temperature on the performance of the FeS electrode compared to
commercial iron-based electrodes is not yet investigated and is still necessary.

SAFETY & MAINTENANCE

By using iron(ll) sulfide as starting material the iron-based electrode can be charged and discharged
at higher C-rates with higher coulombic efficiencies. Thereby the production of hydrogen gas and de-
pletion of the electrolyte is significantly reduced and lowers the frequency of neccessary refilling of the
electrolyte when a NiFe cell is used at C-rate higher than C/5 or possible explosion hazards of the cell
due to hydrogen gas build-up. LaNi5 additives can be applied to further eliminate electrolyte depletion
and path the way for sealed NiFeS cells.
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CHAPTER 6

CONCLUSION

Therefore the main question of this research will be:

Does the NiFeS battery have sufficient potential to be an interesting competitor as stationary
short-term energy storage system?

The short term SESS market is defined as < 5C charge rates. the C-rate is a measure for the current
charge or discharge rate. Hence, a 5C rate stands for charging a battery in 12 minutes. Critical technical
performance parameters of the FeS anode will be investigated, which are depicted in the following sub-
questions:

What are currently the best obtainable stable capacity, efficiency, cycle life and to what extend is
self-discharge a limiting parameter and what are the causes under standard cycling conditions?

To investigate whether sulfur containing additives are actual effective additives is validated by the sub-
question:

Are bismuth, sulphur and sulphides necessary additives to the cell to effectively delimit the Hydrogen
Evolution Reaction, passivation of the iron and by doing so, respectively decrease the self-discharge
and capacity loss?

To appoint also the possibility to introduce the NiFeS battery for high performance applications is vali-
dated by the sub-question:

Has NiFeS also the potential to be an alternative for high performance applications?

The high performance market is defined as >5C charge rates. Based on the identified technical perfor-
mance parameters the economic potential of the NiFeS battery as short-term SESS will be investigated
following the sub-question:

What are the minima of criteria an FeS based battery needs to meet to be an interesting alternative?
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If the nickel cathode is limiting in costs, or abundance and if there are alternatives is validated by the
sub-question:

Is the toxicity and abundance of nickel limiting and are there alternatives as cathode?

Assuming a large-scale transition to a renewable energy economy in which storage systems are a
prerequisite.

As the effect of FeS as starting material the effect still disappears... metal containing sulfide specie that
has lower solubility and is less prone to electrochemically react such as Cu2S.

It is suggested that the application of organosulfur additives is advantageous instead of Bi,S3 additives
in terms of costs and recycling [60].

The downfall with most superconductive materials are the expenses.

Regarding the reaction happening at the iron electrode the 0/2 reaction is thermodynamically limitated
as there are dissolved intermediates involved. This leads to low c-rates and for the iron electrode to
maintain stable no full dissolution of the species hsould occur.

Commercial NiFe batteries only use the Fe(0-2+) reaction of the iron electrode. Thereby the battery
has a low coulombic efficiency due to a parasitic side reaction, the hydrogen evolution, leading to low
discharge capacities and depletion of the aqueous electrolyte. Shangguan et al. (2015) and research
by E-Stone Batteries shows that by using FeS as starting material the parasitic side reaction can be
reduced. In addition also the Fe(2+/3+) gets more reversible. E-Stone Batteries have shown a stability
so far of 100 cycles with a discharge capacity of 400 mAh/g using FeS with 10wt% conductive additive.
Shangguan et al (2015) showed 200 subsequent cycles of a stable discharge capacity of 325 mAh/g
using carbon grafted FeS with 10wt% conductive additive and 3wt% Bi;O3 additive. For E-Stone Bat-
teries the discharge capacity of the FeS based electrode decreased as a result of a degradation of the
Fe(2+/3+) reaction. If this occurred for Shangguan et al. (2015) is not known. Thomas van dijk (2012)
showed a single cell, using pure FeS as starting material and only the Fe(2+/3+) reaction, being stable
or 150 cycles. The use of only Fe(2+/3+) reaction leads to a 100% coulombic efficiency but to lower
discharge capacities of around 120 mAh/g. Unfortunately, after an appreciable amount of effort this has
not been reproducible so far.

A possible explanation of the Fe(2+/3+) reaction not being reversible when the Fe(0/2+) reaction is
used, is the parasitic formation of FesO,4 by both the Fe(0/2+)- and Fe(2+/3+) reaction. This iron oxide
involves Fe(2+) and Fe(3+) cations in the structure. To fully reduce this material the Fe(0/2+) reaction
is necessary. The addition of sulfur containing species could help as the addition of sulphur containing
species in the electrode or electrolyte is suggested to decrease the hydrogen evolution and thereby
increases the reduction of Fe3O4 to metallic iron, leading to a higher reversibility of the iron electrode [12]
and is also shown by in-situ research by [44]. However, research by Manohar et al. (2015) and E-Stone
Batteries show that the beneficial effect of sulfur containing species as additives for the iron electrode,
disappears after subsequent cycling.

For the FeS as precursor material to be an interesting material, the stability should be enhanced to
at least 1000 cycles. Manohar et al. (2015) already showed that the use FeS and Bi,O3 additive
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for a carbonyl iron electrode resulted in a stability of 1200 cycles with a discharge capacity of 250
mAh/g. It is suggested that the low solubility of FeS leads to a constant source of sulfide anions in the
electrolyte over a long time period. E-Stone batteries uses FeS as main starting material. therefore
higher concentrations of sulfides are applicable. Hence, similar performances should be possible to be
attained. Moreover, enhancement methods, such as attaining superconductivity and annealing methods
of the FeS particles or use additives to decrease the hydrogen evolution, have not been explored thus
far.

It could be interesting to find other ways to attain a constant sulfide concentration in the electrolyte, such
as titration methods find ways to prevent depletion of the sulfide species. Caution must be taken for too
high concentrations of sulfide cations as the beneficial effect then disappears.
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In total sixteen different FeOx species exist: oxides, hydroxides and oxide-hydroxides. In general, FeOx
have slabs of Fe(2+) or Fe(3+) mostly layered as Fe(O,0OH)g octahedra but in some cases FeO, tetra-
hedra. Figure shows the inter-layer space versus the intra-layer space for ironoxide structures.
The closer both spaces are located, the more stable and crystalline the polymorph crystal is. Anions
can participate in the structure. Hence, traces of electrolyte could intercalate in the structure-e.g. K+
Na™ and Lit [9]. The structures of FeOx species are briefly explained below. Figures and
illustrate respectively the four different polymorphs of Fe(3+)OOH and the different oxide structures. For
more information concerning FeOx structures | would like to recommend you to read 'The Iron Oxides:
Structure, Properties, Reactions, Occurences and Uses’ by Cornell and Schwertmann (2003) [9]:

FeOH

HFeO - ferrinydrite (HFeO) exists as nano-crystals and transforms by aging into more stable iron oxides.
HFeO is an important intermediate. The composition depends on the amount of OH™ and H,O involved.
Fe(OH), - Irondihydroxide (Fe(OH)s) does not exist in nature as mineral as it is readily oxidized. It can
be formed by dehydration in alkali. It has a similar crystal structure as 5-Ni(OH)s, as shown in figure 3.8
But then the slabs are layered FeOg octahedra. No polymorph exists. When it oxidizes it is said to de-
velop into green rusts and by further oxidation it turns into black Fe3O4 [9]. Fe(OH)s+xnH>O - bernalite
(Fe(OH)3xnH>0) has a cubic structure and consists out of four corner sharing octahedra per unit cell.
green rusts - Green rusts are a group of blueish-green Fe(2+)-Fe(3+) hydroxy compounds that are
formed under anoxic conditions mostly during the corrosion of steel. They consist of sheets of hexag-
onal closed packed Fe(2+)(OH)g octahedra in which some of the Fe(2+) is replaced by Fe(3+). The
Fe(3+) creates a positive layer which is balanced by the incorporation of anions. Green rust | contains
CI™ impurities while Green rust Il contain SO}~ impurities. Other anions can also be involved such as
halogenides, carbonates, perchlorates, nitrates, oxalates and selenates.

FEOOH

a-FeOOH - The most thermodynamically stable FeOOH is goethite (a-FeOOH). Therefore it is often the
end product or intermediate during a transformation but is not mentioned in Fe related electrochemical
studies. It has a diaspore structure, based on a hexagonal close packed lattice. Within OH™ ions are
hydrogen bonded to O?~. It forms in acid aqueous media by precipitation of soluble Fe(3+) species by
hydrolysis or by the oxidation of green rusts in neutral aqueous conditions.

3-FeOOH - The identified structure during discharge at the Fe electrode following méssbauer by Geronov
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et al. (1975) is akaganéite (3-FeOOH) [75]. 3-FeOOH has a tetragonal or monoclinic unit cell in which
the anions are arranged as a body centered cubic array bonded together. The overall structure contains
actual tunnels per one unit cell in which the anions are missing. These tunnels are stabilized having
anionic impurities involved. Therefore it is mainly found in CI~ or F~ rich acidic solution. This mineral
occurs rarely in nature. Geronov et al (1975) suggests that he found 3-FeOOH electrochemical forma-
tion in alkaline environment.

Fe16016(0OH)y (SO4).xH> O - The recently discovered schwertmannite (Fe16016(OH), (SO4).*xH20O) has
the same basic structure as 3-FeOOH but contains S?~ instead of CI~. This polymorph occurs in nature
as an oxidation product of FeS in acidic environment. Unlike the other FeEOOH polymorphs 5-FeOOH
and Fe6016(0OH),(S04).*H20 have body centered cubic packing of anions. The recent discovery of
this mineral and the occurrence in sulphidic environments suggests that the product of the oxidation of
Fe(OH); is rather Fe;6016(0OH), (SO4),*nH20 than 3-FeOOH.

~-FeOOH - Lepidodocrocite (v-FeEOOH) is an oxidation product of Fe(2+) solutions via a green rust
intermediate as well. Direct precipitation from Fe(3+) can also take place. It has a layered plate cubic
close packed crystal shape.

0-FeOOH - §-FeOOH is isostructural with Fe(OH),. It is formed by rapid oxidation. It has a hexagonal
closed packed unit cell with sheets of edge sharing octahedra. §-FeOOH is poorly crystalline and is
rarely found in nature.

FeO

a-Fe; O3 - hematite (a-Fe;O3) is the oldest known FeOx and widespread in rocks and soils. It is
extremely stable and often the last in a sequence of transformations.

Fe; O, - magnetite (FesO4) contains both Fe(2+) and Fe(3+). It has an inverse spine structure. and is

also very stable.
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(A) a-FeOOH (B) -FeOOH

B) §-FEOOH
(A) B-FeOOH

FIGURE A.3: two of the four FeOOH isomorphic structures possible [9].

(A) Fe20s (B) FesOq4 (C) Fe(OH)s3

FIGURE A.4: Fe oxide structures [9].
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close packing
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FIGURE C.1: Schematic representation of major formation and transformation pathways of
common iron oxides [9].
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PROPOSED WORKING PRINCIPLE OF ANIONIC SULPHUR SPECIES FOR THE
IRON-BASED ELECTRODE

In the beginning of the twentieth century it was already known from the
steel industry that corrosion of steel can be initiated by inclusions of sul-
fur complexes in metal [19]. Corrosion is initiated by the formation of so
called pits As shown in figure ‘ sulfide dianions (827) and bisulfide
ions (HS ) only occur in alkaline to neutral solutions. They belong to a
group of anions with a high electric polarization (dipole character), result-
ing in strong contact adsorption on certain metal surfaces. In strongly

acidic solutions this leads to the inhibition of corrosion by the formation

(URKILN) pH

of a passivating layer. In weakly acidic, neutral and alkaline solutions it
results into a catalytic effect, leading to a reduction in activation energy FIGURE D.1: anionic sulfur concen-
for the redox reaction between the metal and the base, resulting in a tration by pH [15].

strong increase in metal corrosion [19]. The catalytic effects of different

anions can be classified, depending on its contact absorption based on the Hofmeister iyotropic series, which are

depicted in table

TABLE D.1: anion contact absorption classification [19]

Weak contact absorption Strong contact absorption
F~ >Cl01 >801 >005 >POi >C01 >OH > C >NO3 >B >HS >I >SON >
Low molar polarization High molar polarization
Low adsorbability High adsorbability
High overpotential Low overpotential
Weakly peptizing Strongly peptizing
Passivating Low corrosivity Activating High corrosivity

The effect of small proportions of anionic sulphur species for the iron-based electrode are possibly known since
the early stages of the development of the NiFe battery. In 1974 Ojefors et al. showed that 1 g/l potassiumsulfide
(K2S) or hydrazinesulfate within the electrolyte both decrease the HER and increase the discharge capacity at
a pH>12 [47]. In 1984 Micka and Zabransky indicated that addition of 0.02 M sodium(l) sulfide (Na2S) within
the electrolyte has a similar effect in increasing the discharge capacity as doping the Fe electrode with 0.02 w%
transition metal(ll) sulfides, such as FeS, NiS, CuS, HgS [77]. In scientific literature, the working function of sulfur

containing additives is considered to be (also summarized by Vijayamohanan and Shukla et al.,1990 [34] [35]):

e Increasing the solubility of iron complexes.
e Incorporation within the oxide layer of the electrode surface.

e Modification of the electrode texture and morphology, increasing electronic conductivity and reactivity

'pitting corrosion is a form of extremely localized corrosion. it can be described as a dissolution or attack of
an (passivating) oxide-covered metal in environments that contain specific aggressive species such as chlorides.
During the initiation stage the passive film of the metal is broken down and causes an extremely localized corrosive
micro-environment to be created within a so-called pit. The pH tends to be lowered significantly by the liberating
hydroxides, which favors further corrosion within the pit as a result of the chemical pitting reaction mechanisms. At
higher concentrations of the aggressive species a propagation stage can follow by which the pit goes even deeper
into the metal. Next to chlorides also thiosulfate (Sgog’), fluorides and iodides can initiate pitting. In particular
8203* are aggressive reactants and are formed by partial oxidation of pyrite (FeS2) or partial reduction of sulfate
(SOi_). Pitting corrosion is of concern for many industries.
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e Modification of the pH electrolyte.

e Modification of electrode kinetics.

INCREASING SOLUBILITY OF IRON COMPOUNDS

From 1961 and onwards several authors found increased dissolution of Fe compounds by the addition of small pro-
portions of sulfur containing species [15, 130,132, [108] [110? ]. As the Fe(0/2+) reaction is considered to be a disso-
lution/precipitation mechanism, it can be inferred that the addition of anionic sulphur species enhance this reaction.
In turn, high concentrations of anionic sulfur species lead to a lower concentration of dissolved Fe species [27,,132].

INCORPORATION OF ANIONIC SULPHUR SPECIES WITHIN THE OXIDE LAYER Bolmer (1965) indicated that
the diffusion of H2S on the iron electrode surface decreases the HER [113]. Based on this finding he suggests that
the [S27] in solution decrease the build-up of a passivating oxide layer. This is in agreement with the findings of
Berger and Haschka (1986) [30] Hampson et al. (1973) studied the oxidation of iron in strong alkaline solutions by
Faradaic impedance and potential step techniques using 10 M—* M NaxS additives in 4*25M KOH(?). They found
that the rate determining film growth process is modified by the presence of [S?~] in solution. They suggest S*~ is
incorporated into the non-stochiometric layer adjacent to the Fe and thereby exchange reactions are higher [26]. In
1978, CV measurements of Shoesmith et al. in low molarity NaOH and NaSH solutions also confirmed that [HS ]
added to the electrolyte inhibit the oxide growth [27]. They suggest anionic sulphur species attack the oxide layer in
a similar method as CI” by the formation of pits following reaction They also suggest the formation of elemen-
tal sulphur (S) initiates the pitting by acting as a source of protons. The protons locally increase the [HSf]/[OHf]
concentration ratio. The formation of elemental S probably has anionic polysulfides (S;_) intermediates involved.
Subsequently, Shoesmith et al. describes the mechanism as a competitive adsorption mechanism [106]:

8[HS]™ — Ss + 8[H]* + 16e ™~ (D.1)

(OH)qs + [SH]™ <+ (SH) 4 + [OH] ™ (D2
Atalow [HS ]/[OH ] concentration ratio the elemental sulphur repassivates the electrode by blocking the faults
and pores in the oxide. In turn an excess of bisulfide ions ([HS ]/[OH ]Z4) is suggested to lead to a similar
propagation stage of a pitting attack by which the metal gets penetrated and dissolved. Within the pit the creation
of protons increases the [HS ]/[OH | ratio even further leading to an increase in adsorption of [HS™ ]. When the
equilibrium is sufficiently displaced the charge discharge of the iron-based electrode will involve [HS_] instead of
[OH ] species having the following intermediate steps:

Fe + [SH]™ < (FeSH) . (D.3)
(FeSH) . ¢ (FeSH)}, + 2e™ (D.4)
x(FeSH),, <> FeS1_, 4+ x[SH]” + (1 — x)H" (D.5)

The above is based on the analogy of the hydroxide system. Further oxidation yields colloidal thioferrite (NaFeS2)
by:

Fe®™ + 2[SH]™ + [Na]™ — NaFeS, + 2[H]" (D.6)
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The pitting corrosion is suggested to lead to a spreading of local dense FeS centres on the electrode by a nucleation
and growth process. NaFeS; and S3_ are identified by UV-visible spectroscopy. S2~ are suggested to increase
the FeS growth by catalyzing the [HS ] oxidation. They also found that stirring of the electrolyte shows a big
decrease in corrosion of the oxide layer and presumethis is due to a flux of bisulfide ions away from the pits.
Electrochemical, SEM and X-Ray analysis of Salvarezza et al. (1982) partly support the theory suggested by
Shoesmith et al. (1978) [28]. They did not find evidence of the sulfur deposition. Together with the fact that anionic
sulphur species are rapidly oxidized by Oz, they find the deposition of sulphur on the surface of the electrode
suggested by Shoesmith et al. (1978) unlikely. They suggest that the deposition of sulphur on the electrode
following equation must not be seen as the initiation of the pitting mechanism. Salvarezza et al. propose a
direct competitive adsorption mechanism following

MODIFICATION OF THE ELECTRODE TEXTURE AND MORPHOLOGY

In 1986, Vera et al. found enhancement of penetration or dissolution of the oxide film by sulfur containing ad-
ditives unlikely [111]. By applying potentiodynamic experiments she concluded that addition of anionic sulphur
species on a passive surface layer of an iron electrode results into a competitive ion adsorption mechanism, fol-
lowed by possible flaws in the oxide film. Subsequently, the dissolution of Fe follows but could be compensated
by the electro-oxidation of the metal. Cerny et al. (1989) [31] takes in doubt both the formation of soluble Fe
complexes suggested by Berger et al. 1986 [30] or the pitting attack by shoesmith et al [27, [106]. He sug-
gests that most obvious S?~ ions are strongly and adsorbed as FeS in the iron-electrolyte interface, which is
still in agreement with Shoesmith et al. and others [26] 27, [106H108]. In contrast, they mention that anionic sul-
phur species do not increase solubility of the iron species as the solubility of FeS (4 * 1071%) is lower than that
of Fe(OH)2 [17]. Cerny et al. suggest that the adsorbed FeS cause disorder in the structure of the Fe(OH)2,
which in turn enhances diffusion of ions and further growth of the film, which is in line with several other au-
thors 34 37} [40] Cerny et al. also found that FeS is irreversibly adsorbed onto iron, as the discharge capacity,
nor the CV did not change after replacing the electrolyte containing Na2S for pure KOH solution. From an electro-
chemical point of view, FeS is more stable than Fe(OH)2 regarding the E, of Fe/FeS is equal to -0.970 V compared
with -0.877 V for Fe/Fe(OH)2. Furthermore, Vijayamohanan et al. (1990) suggests the possibility of grain re-
finement of Fe particles [34]. The irreversible adsorption of anionic sulfur species on the iron-based electrode is
taken in doubt by Vijayamohanan et al. (1990). They found that the observed increased performance of the iron-
based electrode tend to be lost during repetitive deep discharge, which Poa et al. (1985) already observed [29]
35]. They suggest this is due to the electrooxidation of anionic sulfur species at the cathode to irreversible

gaseous species. Hegazy et al. (2001) suggests the following electrooxidation pathways of anionic sulfur species:

3[SH™] — S5~ +3[HT] +4e” Eo = —0.097VvsSHE  (D.7)
[SH] — S+ [H'] + 2~ Eo = —0.065VvsSHE (D.8)
2[SH™] 4 3H20 — S203 + 6H + 8e™ Eo = 0.200VvsSHE  (D.9)

INCREASE IN ELECTRODE CONDUCTIVITY
Vijayamohanan et al. (1990) mentions that the incorporation of FeS species also increases the electronic conduc-
tivity at the interface of the iron electrode, as FeS is more electrically conductive than most FeOx species [34], 135].

MODIFICATION OF pH ELECTROLYTE

Shoesmith et al. and Vera et al. already mentioned localized increase in acidity during pitting causes further growth
of FeS species following equations and [27,1111]. They also found that stirring decreases the pitting,
presumably by a reduction of local acidity. Ravikumar et al. (2015) suggest that the local increase of protons in the
vicinity of the iron-based electrode during discharge favors the formation of FeS over FeOx species [44]. Based on
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theoretical thermodynamic stable species they assume that the following reactions are possible:

[HS]” < [S]° + [H]F pH ~ 14 (D.10)
FeS + H20 + [H]" + 2™ « [HS]” + (Fe — H20)aqs (D.11)
FeS + H20 < (FeO)aqs + [HS]™ + [H]" (D.12)

Equations and act as a source of [HS™] and thereby sustain the pH in the pores of the electrode over a
longer time period-similar to the pitting mechanism-. Thereby the formation of Fe(OH)2 increases by:

[HFeO®"] + HS™ — Fe(OH), + [S*7] (D.13)

MODIFICATION OF ELECTRODE KINETICS - As already mentioned in the Material section of this thesis both
the Fe(0)/Fe(OH)2 and Fe(OH)2/FeOOH reactions have side-reactions, leading to the formation of the more stable
FeszO4. In addition, more stable FeOx species form spontaneously out of the species Fe(OH)2 and FeOOH. Cal-
das et al. (1998) reported that sulfide di-anions incorporated within the passive layer results in promotion of the
Fe/Fe(OH). reaction but does not increase the Fe(OH)2/FesO4 reaction [37]. Both Manohar (2015) and Ravikumar
(2015) suggest that the addition of anionic sulphur species increases the reduction of FesO4 to a-Fe, presumably
by increasing the overpotential of the hydrogen evolution and decreasing the overpotential of the FeOx/Fe reaction.

BENEFICIAL EFFECTS OF SULPHUR CONTAINING ANIONS FOR THE IRON-BASED
ELECTRODE

The aforementioned porposed working principles of sulfur containing anions for iron-based electrodes are found to
have the following beneficial effects for the Fe electrode.

e Decrease the overpotential of the Fe/FeOx reactions.
e Increase the overpotential of the HER.

e Decrease the self-discharge.

DECREASE THE OVERPOTENTIAL OF THE Fe/FeOX REACTIONS

The decrease in the electrically insulating passivation layer and buffering effect of the anionic sulphur species are
said to retard the passivation of the iron electrode [34}137,[77]. This results in an increase in anodic current density
and (dis)charge capacity.

SUPPRESSION OF THE HYDROGEN EVOLUTION The passivation layer decreases the reactivity of the electro-
chemically active species, yet still contain some electronic conductivity. This is suggested to favor the HER by de-
creasing the overpotential of the Fe(0-2+) and Fe(0/3+) reaction and increasing the overpotential of the HER. As sul-
fur containing anionic species are suggested to decrease the passivation layer they suppress the HER as well. Dif-
ferent polarization studies recognize this effect [12,[27H29] 1311 34361, 38|, 44| [58,, 59 [77, 111,112,112 [113} [113].

This results in an increase in anodic current density and charge/discharge capacity as well.

DECREASE THE SELF-DISCHARGE

Having sulfur containing species involved, the surface of the iron-based electrode in an alkaline environment still
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creates a passivating layer. This in combination with an increase of the overpotential and decrease of the overpo-
tential of the Fe/FeOx reactions suggests an increase in self-discharge as well [47,193]. Souza et al. (2004) found
1wt% additions of FeS and lead(ll) sulfide incorporated in the electrode retard self-discharge [39]. Nevertheless the
the self-discharge still remains at least 30% over 6 days, while the commercial NiFe battery only has 0.6-1.0% per
day.

However, the beneficial effects disappear after deep discharge or a series of discharges. Sulfur containing anions
are suggested to oxidate irreversibly to sulfate, presumably at the cathode. This leads to a depletion of sulfur con-
taining anions. Manohar et al. (2015) found that when having high concentrations of FeS (5-10 wt%) incorporated
in the electrode leads to long-term stability. They were able to reach 1200 cycles with a discharge capacity of 0.24
Ah g~ 1. The low solubility of FeS and lower standard reduction potential of FeS/Fe compared to the standard
reduction potential of Fe(OH)2/Fe is suggested to lead to a reservoir, providing a sustained release of anionic sulfur
species in the electrolyte over a long period of time. However, they do not mention the stability at higher c-rates
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