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Electrochemical cells and systems have been around for a few centuries. Lately, these
technologies have been attracting attention. Although the technology to generate elec-
tricity from renewable sources is well developed and widely available -such as photo-
voltaic and wind energy- this is not always available. Because of this, it is necessary to
store produced surplus electricity to be able to use it at moments when the sun is not
shining or the wind is not blowing. Many different electrochemical technologies can
be used to store electricity or transform it to a useful energy carrier- such as hydrogen.
However, the energy transition will also need to address the optimal usage of critical ma-
terials. Integrating functionalities and optimizing energy storage can help bridge the gap
between electricity production and consumption using only a limited amount of critical
materials.

New innovative technologies that use less critical materials will be key to sustainably
transition to a fossil-fuel free future. It will be necessary to move forward and upscale
technologies at a quick pace. A combined modeling and experimental approach can
help move through the TRL development stages quickly, optimizing the use of resources
and experimental work required.

The battolyser is a new integrated battery and electrolyser system that provides flexi-
bility in energy storage. During periods of high availability of renewable energy it can be
charged indefinitely, filling up the battery capacity first and producing hydrogen from
there on out. A battolyser system can be used to guarantee access to cheap electricity
and green hydrogen, all in one device and using the materials required for one device.

Modeling the electrochemical reactions of the battolyser and optimizing the cell de-
sign parameters when moving towards an upscaled system is a tool that can be used for
the continuous development of a better prototype and scaling up. Chapter 3 describes
the modeling studies performed on the battolyser system, including the relevant exper-
imental validation. Here, a 1D COMSOL model was developed to study the cell param-
eters and understand the effect of electrode and gap thickness, electrode porosity, and
electrolyte conductivity.

Testing experimentally at larger scales is challenging and often not done. Highly al-
kaline KOH electrolytes are usually not tested in lab conditions, and therefore the effect
of higher concentrations than 5M KOH is unknown on new electrode material devel-
opments. To optimize an integrated device, the effect on both the electrolysis function
and the battery function need to be reconciled and designed for the specific application.
In Chapter 4, extensive lab scale experiments on the electrolyte concentration are de-
scribed, including different alkali metal cation concentrations. To optimize for different
functionalities of the battolyser, different cations can be used at specific concentrations.

A flow cell was designed and built, and different flow configurations were tested. 3D
printing technology allows for quick iterations and modifications of the design, however
the proprietary resins are usually not tested at highly alkaline conditions which could

xvii
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potentially cause degradation of the cell components. Working with higher than 5M KOH
concentrations results in practical difficulties that will only scale with plant capacity. In
Chapter 5, the preliminary results of a flow cell configuration are included.

The results of this work can be applied directly to predict the optimal design and op-
erating parameters of an up-scaled battolyser cell. This will allow for quicker iterations
of up-scaled designs to further develop the prototype technology. For this, it is important
to verify simulation results with experimental data. Using a combined approach includ-
ing simulations and experimental work allows testing various setups and optimizing the
energetic efficiency of the device. 3D printing manufacturing technology can also help
speed up this iterative process to generate design modifications and quickly manufac-
ture experimental setups to validate the simulation data.



Elektrochemische cellen en systemen bestaan al een paar eeuwen, maar de laatste tijd
staan deze technologieén opnieuw in de schijnwerpers. Hoewel de technologie om elek-
triciteit op te wekken uit hernieuwbare bronnen, zoals fotovoltaische en windenergie,
goed ontwikkeld en algemeen beschikbaar is, is de toevoer uit deze bronnen niet altijd
beschikbaar. Daarom is het noodzakelijk om ongebruikte geproduceerde elektriciteit
op te slaan om deze later te kunnen gebruiken op momenten dat de zon niet schijnt of
de wind niet waait. Veel verschillende elektrochemische technologieén kunnen worden
gebruikt om elektriciteit op te slaan of een bruikbare brandstof te produceren, zoals wa-
terstof. De energietransitie is echter ook een kwestie van optimaal gebruik van kritieke
grondstoffen. Door functionaliteiten te integreren en energieopslag te optimaliseren,
kan de kloof tussen elektriciteitsproductie en -verbruik worden overbrugd met slechts
een beperkte hoeveelheid kritieke grondstoffen.

Nieuwe innovatieve technologieén, die minder kritieke grondstoffen gebruiken, zul-
len de sleutel zijn tot een duurzame overgang naar een toekomst zonder fossiele brand-
stoffen. Het is noodzakelijk om in een snel tempo vooruit te gaan en technologieén op te
schalen. Een gecombineerde aanpak van modellering en experimenteel werk kan helpen
om snel door de TRL-ontwikkelingsfasen te gaan, waarmee het gebruik van middelen en
experimenteel werk kan worden geoptimaliseerd.

De battolyser is een nieuw geintegreerd batterij- en elektrolysersysteem dat flexibili-
teit biedt in de opslag van energie. Tijdens periodes van hoge beschikbaarheid van her-
nieuwbare energie kan het onbeperkt worden opgeladen, waarbij eerst de batterijcapa-
citeit volledig wordt gevuld en hierna waterstof wordt geproduceerd. Met een battolyser-
systeem kan de toegang tot goedkope elektriciteit en groene waterstof worden gegaran-
deerd, alles met slechts de benodigde materialen voor één enkel apparaat.

Het modelleren van de elektrochemische reacties in de battolyser en het optimalise-
ren van het ontwerp zijn hulpmiddelen die kunnen worden gebruikt voor de continue
ontwikkeling van een beter prototype en de opschaling hiervan. In hoofdstuk 3 worden
de modelstudies beschreven die zijn uitgevoerd op het battolyser-systeem, inclusief de
relevante experimentele validatie hiervan. Een 1D COMSOL-model is ontwikkeld om de
celparameters te bestuderen en het effect van de dikte en porositeit van de electrode,
afstand tussen de elektrodes, en geleidbaarheid van het elektrolyt te begrijpen.

Het experimenteel testen van het prototype op grotere schaal is een uitdaging en
wordt vaak niet gedaan. Sterk basische KOH-elektrolyten worden meestal niet getest on-
der laboratoriumomstandigheden, en daarom is het effect van concentraties hoger dan
5M KOH op nieuwe elektrodematerialen niet bekend. Om een geintegreerd apparaat
te kunnen optimaliseren, moet het effect van de hogere concentraties KOH op zowel de
elektrolyse- als de batterijfunctie van de battolyser worden afgestemd en aangepast voor
de specifieke toepassing. In Hoofdstuk 4 worden uitgebreide experimenten op laborato-
riumschaal beschreven met betrekking tot de elektrolytconcentratie, inclusief concen-
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traties van verschillende kationen. Verschillende kationen kunnen worden gebruikt in
specifieke concentraties om de functionaliteiten van de battolyser te optimaliseren.

Er is een flow-cell ontworpen, gebouwd, en op verschillende stroomconfiguraties ge-
test. 3D-printen maakt het mogelijk snel iteraties en aanpassingen aan het ontwerp uit
te voeren, maar de gebruikte harsen van de 3D printer worden meestal niet getest onder
sterk basische omstandigheden waardoor mogelijk degradatie van de celcomponenten
wordt veroorzaakt. Hogere concentraties dan 5M KOH veroorzaken praktische proble-
men die alleen maar zullen toenemen met de productiecapaciteit. In Hoofdstuk 5 zijn
de voorlopige resultaten van een flow-cell configuratie opgenomen.

De resultaten van dit werk kunnen direct worden toegepast om het optimale ont-
werp en gebruiksparameters van een opgeschaalde battolyser-cel te voorspellen. Dit zal
leiden tot snellere iteraties van opgeschaalde ontwerpen om de technologie van de bat-
tolyser verder te ontwikkelen. Hiervoor is het belangrijk om resultaten van simulaties te
verifiéren met experimentele gegevens. Door een gecombineerde aanpak toe te passen
kunnen verschillende opstellingen worden getest en kan de energetische efficiéntie van
het apparaat worden geoptimaliseerd. 3D-printproductietechnologie kan ook helpen
dit iteratieve proces te versnellen om ontwerpwijzigingen te genereren en snel experi-
mentele opstellingen te genereren die kunnen worden gebruikt om de gegevens uit de
simulatie te valideren.






In 2016, the levels of CO; in the atmosphere reached the threshold of 400 ppm. The
combustion of fossil fuels accounts for the majority of anthropogenic greenhouse gas
(GHG) emissions[1]. The increasing concentration of CO» in the atmosphere together
with a growing world population show the need for a shift in primary energy generation
technologies[2]. To reduce the amount of carbon based emissions into the atmosphere,
fossil fuel consumption has to decrease. Renewable energy technologies have the tech-
nical maturity to fulfil the necessary energy requirements[3]. However, due to the inter-
mittent nature of renewable technologies such as solar and wind, storage will play an
important role in the future energy systems. Although a large amount of research has
been focused on large-scale energy storage, technologies are still techno-economically
not mature for utility-scale storage[4][5][6]. In the near future, when electricity produc-
tion will mostly be dependent on renewable energy sources, increased storage capacity
will be critical in security of energy supply[7][8].
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Figure 1.1: Net renewable capacity additions by technology, 2017-2023[9]

Increase in net renewable capacity in the last 6 years can be seen in Figure 1.1, witha
mostly stable capacity predicted for 2023 unless stronger policies are implemented. Al-
though net capacity is expected to stay constant, installed photovoltaic capacity is pre-
dicted to grow. Additionally, new policies and incentives are expected to provide incen-
tives to further increase renewable energy capacity in Europe[9].

Solar energy is the most widely available form of renewable energy. In one year, the
total amount of radiation incident on Earth is more than the total fossil fuel reserves

on Earth[10]. Even though solar energy is widely available, it is inherently fluctuat-
ing[11][12]. As an example, typical global radiation values of solar energy in Delft are
presented in Figure 1.2, on a (a) daily time scale and (b) a yearly time scale with data

obtained from METEONORM software.

The availability of sustainable energy technologies, together with the ambitious Re-
newable Energy Directive sets rules for the EU to achieve 32% renewables target by 2030,
suggest an increase in the variability of electricity generation. Therefore, an electrical
grid completely based on renewable energy will result in mismatch between produc-
tion and consumption[5][10]. Currently, the storage needed to balance this mismatch is
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Figure 1.2: (a) Global radiation values in Delft, The Netherlands, on a sunny spring day. (b) Average global
radiation values in the Netherlands for one calendar year

provided by fossil fuels. As the renewable energy capacity increases and fossil fuel use
decreases, an alternative storage technology will be needed.

Batteries are an attractive option to cover short-term fluctuations because of their
high round trip efficiency, typically around 80%[13]. However, due to their limited cy-
cling rate and self-discharge, batteries alone cannot meet long-term energy storage re-
quirements[14]. Battery overall energy capacity scales with the amount of material, and
would consequently require extensive amount of battery material for seasonal energy
storage. More importantly, the cost of long-term battery storage would be prohibitive
for large applications[14]. Therefore, an alternative solution for long-term energy stor-
age is required. A summary of different storage technologies and their scale is shown in
Figure 1.3. Hydrogen can cover a broad range of capacities and power ranges[15].
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Figure 1.3: Overview of various storage types[15]

Electrochemical conversions, or power-to-x technologies, can bridge the gap be-




tween power production and power consumption and provide a means for longer-term
seasonal energy storage. Power-to-x can refer to the production of different molecules,
such as methane, ammonia, or hydrogen, using renewable electricity as main driving
force. Although very attractive in theory, these technologies, except for some specific ex-
amples of water electrolysis, are still not deployed on the utility level scale. Hydrogen gas
is a carbon-free alternative energy carrier, thus water electrolysis has been the subject of
research and policy developments[16][17][18]. In addition, hydrogen as a feedstock has
a significant role in current chemical process industry, which may be extended to vari-
ous other energy and feedstock roles in a renewable future. For instance, hydrogen as
a feedstock or energy carrier could decarbonise steel, concrete production, and ammo-
nia synthesis, large chemical processes responsible for bulk fractions of industrial CO,
emissions[19].

The battolyser system offers an integrated storage solution, where a battery is used
for short term storage, such as daily time scales, and hydrogen is produced as a long-
term storage method, for seasonal variations in renewable energy production. As soon as
the battery becomes fully charged, hydrogen is produced through electrolysis, as a clean
fuel can that can be produced during high renewable energy production periods[20].
Hydrogen is a carbon-free energy carrier that can be burned in a gas turbine, engine, or
used in a fuel cell. The only by-product of pure hydrogen combustion is water[1][21].

The battolyser is comprised out of two different storage mechanisms: a nickel-iron
battery and an alkaline electrolyser. The nickel-iron battery serves as a short-term en-
ergy storage mechanism. It stores electricity in the form of chemical bonds which can
then be transformed back into electricity[22]. When the maximum battery capacity is
reached, the device acts as an alkaline electrolyser, using the electricity available to split
water molecules in the electrolyte, thus generating hydrogen[20]. This carbon-free fuel
can be stored and later used, for example, in a fuel cell for electricity production in pe-
riods of low renewable energy availability. This device combines short-term and long-
term storage options which will be an essential attribute for future renewable energy
systems.

1.1.

The battolyser technology was demonstrated at lab scale, and patented in 2018[23]. This
thesis is focused on the parameters necessary to upscale the technology. Studies were
performed, both computationally and experimentally, to determine the optimum unit
cell composition. These include a model and experimental verification of the unit cell
parameters. Further studies on the composition of the electrolyte and the effects on both
the battery component and the electrolyser component were performed at two different
scales. Finally, a preliminary study of the effect of liquid flow on the electrode surface
was performed. For this, a lab scale setup was designed and built, and experiments were
run. This is represented by the illustration in Figure 1.5 as the steps to upscale the pro-
totype technology to a full-scale utility battolyser that can be used for industry and grid
stabilization. A block diagram of the inputs and outputs required to run a battolyser
system is included in Figure
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Figure 1.4: Inputs and outputs required to run a battolyser system.

1.1.1. RESEARCH QUESTIONS
The main research question addressed throughout this thesis is: How can the battolyser
prototype be improved so as to enable upscaling?

The research subtopics presented here, each refer to a specific chapter in the thesis:

° How can we model the performance of the unit cell and improve its performance?

° What is the impact of alkali metal cations on the performance of an integrated
battery and electrolyser?

* What is the effect of different electrolyte flow configurations and flow rate for an
integrated battery and electrolyser?

1.1.2. OUTLINE OF THE THESIS

Chapter | has given the reader a general introduction to the topic. Next, in Chapter
2, the basic theory behind both technologies will be discussed, including theoretical
background information necessary to understand the simulation and experimental work
done in the next chapters. Chapter 3 is based on a publication in Industrial & Engineer-
ing Chemistry Research and details the simulation work done to design the optimum
unit cell layout of the battolyser. Chapter 4 includes the experimental study and is based
on published work in Electrochimica Acta regarding the composition of the electrolyte
and the effect of alkaline metal cations on the electrolyser and battery performance in
the integrated device. Chapter 5 is a preliminary study on the effects of flow, detailed by
an experimental study with a lab-scale setup designed and built in house. Finally, 6 in-
cludes conclusions and recommendations for further research regarding the battolyser.
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Figure 1.5: Upscaling the battolyser- a schematic representation of future integration into energy systems.
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2.1.

The increasing penetration of intermittent renewable energy requires a considerable
amount of large-scale energy storage for utility level and industry-scale requirements of
power availability. Due to the inherent fluctuations of wind and solar energy, the instal-
lation of large scale renewable electricity generation will undoubtably include grid-scale
instabilities of power availability. Many different technologies are being developed to
provide the storage capacity required, including batteries, electrolysis for hydrogen pro-
duction, compressed or liquefied air storage, thermal storage, and pumped hydropower
storage, among many other technologies. Battery technologies are composed of numer-
ous different chemical compositions, each with their own technical limitations and ad-
vantages. Many battery compositions are considered mature technologies that can be
implemented at high technology readiness levels (TRL) currently. Pumped hydropower
storage requires large footprints and a geographically specific location with altitude dif-
ferences that can be used to store potential energy in the form of water. Hydrogen and
fuel cells have been gaining interest regarding power generation in the last decade as
much of the EU policy regarding climate change is geared towards the adaptation of hy-
drogen as a carbon-free energy carrier.

2.1.1.

Energy storage technologies can be subdivided into chemical, electrical, electrochemi-
cal, mechanical, and thermal technologies. Some examples of energy storage technolo-
gies available or under development are presented in Figure

Because of the growing need for and flexibility required for renewable energy systems
of the future, energy storage technologies have gained traction in both the research and
policy space. Depending on the application and the discharge time required, different
technologies are available to provide the energy storage required. Figure 2.2 shows the
scale and rated power of different large-scale energy storage technologies currently in
the market.

Storage systems on the bottom of Figure 2.2 are used for power quality applications.
Discharge times of minutes to an hour are used for bridging power and power quality
applications, while the technologies shown on the top of Figure 2.2 with discharge times
of hours and longer are used for energy management applications[3].

Each technology has an ideal application and energy storage scale. Therefore, to ob-
tain an optimal system, the specifications of the storage device and application have to
be analyzed[4]. Large-scale energy storage can improve the system quality and reliabil-
ity by providing electricity during peak periods [3]. To develop a fully renewable power
generation system, a combination of all time scales will be required.

Apart from the technical challenges, cost is still an issue to deploy these technologies
at massive scales required for widespread use of renewable energy. As many of the stor-
age technologies mentioned are in the early stages of commercialization, it is difficult to
predict the levelized costs of storage (LCOS) for future applications. Many studies have
been performed, however variations in LCOS calculations are high and equal compar-
isons are difficult to establish[5][6][7].
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Figure 2.1: Different energy storage technologies, divided into 5 categories: chemical, electrical, electrochem-
ical, mechanical, and thermal technologies[!1].

2.1.2.

Technical maturity can be assessed using the TRL scale, as advised by the European
Commission for research and innovation projects. The scale goes from 1-9, with 1 and 2
referring to basic technology research and 9 being a fully commercial technology avail-
able on the market. Some of the technologies included in Figure 2.2 can be placed high
on the TRL scale, however integration and full deployment in operational environments
is currently not the case. Because of this, although already on the market and commer-
cially available, most of the technologies shown above are still under intensive research
and development[4].

2.2.

Water electrolysis was discovered around 200 years ago by William Nicholson and An-
thony Carlisle. The invention of the Gramme machine in 1869, made water electrolysis
an economical method for hydrogen production[8]. However, nowadays less than 5% of
worldwide hydrogen is produced through electrolysis[8]. Hydrogen is mostly produced
from natural gas through steam methane reforming (SMR)[9]. Compared to SMR, water
electrolysis has the benefit of producing extremely pure hydrogen (>99.9%). This is ideal
for processes where high hydrogen purity is required[8]. Other advantages of electroly-
sis include fast start-up and shutdown times, making it ideal for intermittent renewable
energy sources[10].

During the late 19th century, alkaline electrolysis was the main chemical process
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tems|[?].

used to produce hydrogen[11]. In 1902, more than 400 industrial alkaline electrolysers
were in operation worldwide[12].

In the 1960s, large scale systems for industrial applications were commercially avail-
able. All the systems were based on alkaline electrolytes and operated at atmospheric
pressure with asbestos fabric as diaphragm[11]. Using cheap and widely available hy-
dropower, hydrogen could be widely produced. Towards the end of the 20th century,
the growing production of fossil hydrocarbons shifted production methods towards coal
gasification and natural gas steam reforming, mainly for economic reasons[11]. Due to
this shift in production methods, water electrolysis technology has not changed drasti-
cally in the last 100 years. Currently, because of the world-wide requirements for carbon-
free energy carriers, research has again been focused on electrochemical production of
hydrogen through electrolysis.

The main technologies have been defined depending on the electrolyte used in the
cell.

¢ Alkaline electrolysis (AEL)
° Proton exchange membrane electrolysis (PEMEL)
* Solid oxide electrolysis (SOEL)

* Proton conductive ceramic electrolysis (PCCEL)

The polarization curves and specific energy consumption of the first three technolo-
gies mentioned are included in Figure 2.3. Alkaline electrolysers are more robust and
the technology is mature and well known. Alkaline electrolysers are generally less ex-
pensive to manufacture and operate than PEM electrolysers. PEM electrolysers have a
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fast response time and can thus be used in conjunction with renewable energy gener-
ation patterns[13]. Additionally, higher current densities can be obtained. With PEM
electrolyser systems, the balance of plant can be streamlined and results in a lower cap-
ital expenditure per megawatt of hydrogen produced. Solid oxide electrolysers operate
at higher temperatures and are built out of ceramic materials. Because of the high tem-
peratures, operation is not flexible and not suited for dynamic control, as the ramp-up
and ramp-down periods are slow. Solid oxide electrolysers are not yet demonstrated at
industrial scale.
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Figure 2.3: Polarization curves and specific energy consumption (in kWh/m3) of main water electrolysis tech-
nologies: (1 in blue) alkaline electrolysers (AEL), (2 in green) solid polymer electrolysers (PEMEL), (3 in red)
high temperature solid-oxide electrolysers (SOEL) [13].

2.3.
2.3.1.

An alkaline electrolyser can be described, in the simplest terms, as a cathode and an
anode submerged in an alkaline electrolyte and connected by an external power supply.
The main components of the electrochemical cell are the electrodes, the electrolyte, and
the separator. A basic scheme of such a simple alkaline electrolysis cell is presented in
Figure

During electrolysis, a direct current (DC) is applied, and electrons flow into the cath-
ode where hydrogen is produced on the surface. Hydroxide ions (OH™) are produced
on the cathode and transported through the electrolyte and the separator to the anode
surface where oxygen is produced and OH™ is consumed[14].

The electrochemical half-reactions and cell reaction that take place in the electrol-
yser are presented below:

The minimum absolute reversible cell potential required for these reactions to take
place is 1.23 V. However, due to irreversibilities present in the system, the required po-
tential is higher[14]. The additional potential required is called the overpotential. This
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Figure 2.4: A schematic representation of a simple alkaline electrolysis cell.

Cathode 2H,0+2e- — H,+20H~  E®=-0.83vs. SHE
Anode 40H™ — O +2H,0 + 4e” E® =0.40 vs. SHE
Overall 2H,0 — 2H, + O, E®=-1.23Vvs. SHE

overpotential typically includes multiple contributors, such as the activation overpoten-
tial, mass transfer overpotential, and overpotentials caused by ohmic resistances[15].

2.3.2.
Thermodynamically water is a stable molecule, therefore, water splitting is a thermody-
namically unfavourable process. It is necessary to supply electrical energy to split water
molecules into hydrogen and oxygen. The entropy is increased when converting liquid
into two gases, and the enthalpy value of this conversion is very high[3].

The standard equilibrium cell potential (Ege ;) is the minimum potential that must be
applied to split water under standard conditions. The reversible cell potential, described
in Equation 2.1, is defined as the difference of the equilibrium potential between the
anode and the cathode[16].

E°

anode

EY =E°

cell ~ Ccathode ~

2.1)

At equilibrium the rate of the forward reaction is equal to the rate of the reverse reac-
tion. In this case, there is no net reaction happening[!7][18]. This equilibrium potential
can be related to the Gibbs free energy through the following expression:

AG = —-nFE°®

cell

(2.2)

For a process to be spontaneous, or thermodynamically favoured, the Gibbs free en-
ergy must be smaller than zero. For alkaline water splitting, the equilibrium cell po-
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tential is -1.23 V, therefore the minimum amount of energy that has to be provided is
237.3 kJ/mol. Since this value is larger than zero, the process is thermodynamically un-
favourable.

In reality, the potential needed is higher. This is because of additional energy re-
quired in the form of heat. If the process is performed adiabatically, all the enthalpy
required must be provided in the form of potential[16].

AHeepj = AGeep+ T # AScen (2.3)

AHqey = 237.3 +48.3 = 285.6k]/ mol

Consequently, the thermoneutral voltage that is needed to maintain the reaction
without heat generation or absorption from the environment, using Equation 2.2:

0 —AH_pp; —285.6kJ/mol
B, = = =-1.48V
ce nF 2%96485.3C/mol

The cell potential is dependent on the operation temperature. Figure 2.5 shows the
regimes depending on the applied potential and temperature. If the applied potential
is lower than the equilibrium cell potential, hydrogen generation is impossible. If the
potential is between the equilibrium potential and the thermoneutral potential the re-
action occurs endothermically, and requires heat input from the environment. If the
potential applied is higher than the thermoneutral potential heat is generated[16].
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Figure 2.5: Operational regimes depending on the applied potential and temperature for hydrogen production

[16].

2.3.3.
The rate of the electrode reactions depend on the current density. This rate of reaction
can be expressed as [18]
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j=nFv (2.4)
Where v is the rate of reaction and n the number of electrons transfered. For any
chemical reaction, the rate constant can be expressed by the Arrhenius equation[16]
-4
r=AxeRT (2.5)

Electrochemical reaction kinetics can be described by the Butler-Volmer equation
for one-step, one electron reactions[19][18]

aFn —-aFn

j=Jjo*(e® —eET ) (2.6)

At large overpotentials, the first term dominates and thus, the relationship between
the current and the overpotential can be expressed as the Tafel equation[!8].

n=a+logi (2.7)

With the Tafel equation the rate of electrolysis can be expressed as a function of the
current. Thus, it is possible to determine the kinetics of the reaction dependent on the
current applied.

2.3.4.

Resistance can be classified into three main categories: electrical resistance, reaction
resistance, and transport resistance. Transport resistances describe physical resistance.
They include ionic transfer through the electrolyte and the membrane. Electrical resis-
tances are calculated using Ohm’s law. Heat is generated through both kinds of resis-
tances[8]. The sum of all the resistances found in a typical water electrolysis system is
given in Equation

Rtotul = Relectric + Ranode + RbubbleOg + Rions + Rmembmne + RbubbleHg + Rcathode (2.8)

Where Rgjecsric refers to the external circuit resistances, namely the wiring and the
connections. The overpotential resistances at both electrodes are denoted by R4, and
Rcathode- Rbubbie,0, and Rpyppie v, Tegard the bubble resistances, due to the formation
of O, and H, bubbles which cover the electrode surfaces partially. Finally, R;o,s and
Rpembrane refers to the resistance in the electrolyte and membrane(8].

Figure describes the different contributions of overpotentials and resistances to
the total cell potential in a typical alkaline water electrolyser.

2.3.5.
Through fundamental research, new electrocatalyst materials are constantly being de-
veloped both for the hydrogen evolution reaction (HER) and the oxygen evolution reac-
tion (OER). However, OER has inherently higher overpotentials because it is a multiple
electron transfer reaction, and usually the limiting factor of alkaline electrolysers sys-
tems[21].

The requirements for an electrocatalyst material, both anode and cathode include:
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Figure 2.6: Distribution of cell voltage in alkaline water electrolysis [16] [20]

* Large active surface area
 High intrinsic activity of the material
 High chemical and electrochemical stability

° High electronic conductivity[2?2]

Although many simulations have been performed, most studies on new electrocat-
alyst materials are experimental[23]. A benchmarking study on the activity of different
catalysts, both for OER and HER has been performed by McCrory et al.[24]. This includes
both OER and HER catalysts in acidic and basic electrolytes. The activity is measured in
overpotential at a given current density, in this case 10 mA/cm? The summary of the

activity of various catalyst at said current density is included in Figure 2.7.
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Figure 2.7: Overpotential in V at 10 mA/cm? for various catalysts in Acid and Base electrolytes[24].
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2.3.6.

On the cathode surface in alkaline electrolysis, the hydrogen evolution reaction takes
place. As mentioned previously, this reaction has been widely studied and as it consists
of a two-electron transfer process. As such, hydrogen evolution reaction (HER) is the
simplest electrochemical reaction, and can be described in 3 steps: adsorption, Volmer
reaction, and finally desorption[23].

Many reviews have been published related to different HER catalysts[23][22][25]. Dif-
ferent additives and synthesis methods are used to optimize the active surface area and
increase apparent activities.

Platinum is widely considered to be the most active electrocatalyst for hydrogen evo-
lution in acidic media[24]. However, due to the availability and high costs of platinum,
steel and nickel are widely used. Nickel is used widely because of its stability in alka-
line media. Different additives are used to increase the exchange current density and
improve synergistic effects from the different alloy phases. These include, but are not
limited to Fe-Mo and Ni-Co[21].

Although Ni-based alloys exhibit high activity and stability, and are therefore widely
used in alkaline media, it is not due to their intrinsic electrode activity, but mostly be-
cause of the large surface area in the catalyst surfaces[26]. An extensive table of the HER
performance of common electrode materials, including the structure and activity com-
piled by Eftekhari[25] shows the wide variety of materials and alloys that have been stud-
ied. Some of the main HER electrocatalyst materials are presented in Table 2.1, including
activity, stability and scale at which they have been used[27].

2.3.7.
In contrast with the hydrogen evolution reaction, oxygen evolution is a highly complex
reaction with multiple electron transfer processes. Because of the sluggish kinetics and
4 electron transfer processes involved, it is considered the limiting step for water evolu-
tion[29][30].

In alkaline conditions the reaction mechanism can be described as follows[29]:

OH™ + - — HO-
HO-+0OH™ — O- + H,0O
O-+0OH™ — HOO- +e~

HOO:- +OH™ — - + O, + H,0O

Where - represents the active sites on the catalyst surface.

Traditionally, RuO, and IrO; are the reference OER catalysts in acidic environments.
However, neither of them is thermodynamically ideal. RuO, binds oxygen too weakly
(hindering the oxidation of HO-), while IrO, binds oxygen too strongly (limiting the for-
mation of HOO-)[30].

Because of the relationship between binding energy of the catalyst material and the
intermediates, an overpotential will always be required for a reaction transferring more
than 2 electrons[30]. Therefore, many optimization processes have been studied to de-
crease the overpotential and increase the efficiency of the water splitting process. Tran-
sition metal based electrocatalysts are more stable in alkaline environments and more
widely abundant than Ru and Ir[29].
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Table 2.1: Main electrocatalyst materials and their current development [28]
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Material Activity Stability Status
Raney Ni Sufficient activity Deactivation after | Commercially used
intermittent opera-
tion
Ni-Co, Ni-Fe | High activity, which | Better stability than | Laboratory applica-
can be further im- | Raney Ni, but still | tions
proved upon alloy- | not optimal
ing with rare earth
metals
NiFe;04 Very high activity Long term stability Applied in lab-scale
electrolysis with
polymeric mem-
brane
Ni-Mo Very high activity Long term stability Pyrophoric  mate-
rial: inappropriate
for commercializa-
tion
(Ni,Co)-W High activity Unknown Laboratory applica-
tions
Co»Si Very high activity Unknown Laboratory applica-
tions
NizN High activity Unknown Laboratory applica-
tions

An extensive review on transition metal based electrocatalysts has been published
by Lu et al. [29]. Other studies include future directions in the OER research field, in-
cluding better understanding of the mechanistic pathways to develop simulations that
accurately describe the reaction intermediates[31]. Modeling the intermediate binding
energies could provide pathways to new catalyst material development. The search for a
stable, active, and abundant electrocatalyst is still ongoing for the further development
of large-scale hydrogen production.

2.3.8.
Although active surface area plays a significant role in electrocatalysis, it is still complex
to decouple the effect of surface area and intrinsic catalyst activity[26]. As surface area

can have such a large effect on the catalyst activity of the material, electrode produc-
tion processes are important. Due to this, electrocatalyst material choice or selection
is not the only important parameter in catalyst development. Specific surface area and
roughness play a role in catalyst activity[32]. There are numerous research works focus
on production methods that result in larger surface areas and decrease of the overpo-
tentials. Because of the large effect the electrochemically active surface area has on the
current density, it is often difficult to compare different catalysts[24].
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2.3.9. ELECTROLYTE

Highly concentrated KOH and NaOH electrolytes are used, which gives origin to the
name of alkaline electrolysis. The main disadvantage is that these solutions are highly
corrosive, and some additives are used to counteract the corrosive nature[28][21]. Leak-
age is a major issue in alkaline electrolytes, but advantages include the high conductivity
of the solution[28].

As seen in Figure 2.8, the conductivity is dependent on the concentration and tem-
perature and can therefore be optimized to reduce ohmic overpotentials in the elec-
trolyte gap. Using the empirical calculation proposed by Gilliam et al.[33] the highest
specific conductivity is around 6 M. Increasing temperature compared to ambient is ad-
vantageous for the conductivity of the solution.
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Figure 2.8: 3D plot of specific conductivity of KOH with respect to temperature and concentration calculated
with an empirical correlation proposed by Gilliam et al.[33].

In commercial scale alkaline electrolysis the addition of alkali metal cations is not
usual. It has been reported that different cations have catalytic effects on the overpoten-
tials of oxygen evolution[34]. Garcia et al. postulate the effect of cations present in the
electrolyte, leading to a stabilization of the precursor to O, evolution[35]. Adding other
alkali metal cations into the electrolyte can affect the conductivity of the electrolyte, and
therefore can be unfavorable.

Other contaminants in the electrolyte can affect the OER potential and thus affect the
catalytic activity. Iron content in the electrolyte has a significant catalytic effect on the
OER activity[35]. The effect of cations in the electrolyte is further discussed in Chapter 4
of this thesis.
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2.3.10.
System energy efficiencies of commercial electrolysers plants typically range from 60 to
73%[36]. System energy efficiency is calculated as the ratio between the energy content
of the produced hydrogen, using the LHV, and the electric energy consumed for electrol-
ysis plus the electric energy required to run the auxiliary equipment.

Some of the conditions that can minimize the required voltage include the modifica-
tion of the electrode materials, the reduction of the distance between the electrodes, the
maximization of the electrolyte conductivity, and the selection of an appropriate sepa-

rator[37]. New developments are being researched to obtain larger energy efficiencies.
2.3.11.
The most important development points in alkaline electrolysers during the recent decades
include:

Zero-gap configuration to reduce the ohmic losses due to the electrolyte gap[38][39]

[40][41].

New diaphragm materials such as porous composites composed of a polysulfone
matrix and ZrO, (Zirfon)[42]

Temperature increases to increase conductivity and improve reaction kinetics[28].

New developments in electrocatalysts reduce overpotentials at the electrodes[30]

New developments focus on increasing the efficiency of alkaline electrolysis. There-
fore the focus is on addressing the greatest losses in efficiency, which according to Zouhri
and Lee[43], are due to:

1. Hydrogen bubbles on the surface

2. Tonic resistivity of the electrolyte

3. Oxygen bubbles on the anode surface
4. Electrode distance

5. Membrane resistivity[28]

To limit bubble overpotentials, some methods to avoid bubble formation include
magnetic ultrasonic, super gravity field, and zero gap configuration [21].

Most developments aim to reduce the cost of hydrogen production. To reduce con-
struction costs, one possible solution is to increase operational current densities. There-
fore it is important to limit the overpotentials required to increase efficiency[28]
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2.4.

Batteries can be divided into 2 main categories: primary and secondary batteries. Pri-
mary batteries apply irreversible electrochemical reactions, and thus can only be used
once [44]. Secondary batteries can be recharged by applying a larger voltage to make
the current run in the opposite direction, therefore also known as rechargeable batter-
ies[45]. The nickel-iron battery is a secondary battery developed by Edison in 1901. Al-
though successfully developed and commercialized in the 20th century, Lead Acid bat-
teries won a larger market share due to their lower costs[46]. However, Ni-Fe batteries
have resurfaced recently due to their long cycle lives and robust nature. They consist of a
nickel hydroxide positive electrode and an iron hydroxide negative electrode[47] with an
open circuit cell potential of 1.37 V. A schematic representation of a nickel iron battery is
presented in Figure

Similarly to the alkaline electrolyser, a battery system can be described as two elec-
trodes connected by an ionic conductor called an electrolyte. When the electrodes are
connected by an external circuit, electrons flow spontaneously from the more negative
electrode to the more positive potential electrode. Ions are transported through the elec-
trolyte to complete the circuit[45].
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Figure 2.9: Schematic representation of a Nickel-Iron battery and the charging/discharging reactions.

The Ni/Fe battery is very robust and can withstand vibrations, mechanical shock,
overcharge and overdischarge[48]. The limited use of critical raw materials is environ-
mentally beneficial and has renewed the interest in this particular battery composi-
tion[46]. However, its round trip efficiency is around 50%[48]. This is mainly due to
water splitting during charging and high self-discharge rates. The cause of these high
self-discharge rates is the low overpotential for hydrogen evolution on the iron electrode
and the proximity of the potential of the iron electrode and the hydrogen evolution re-
action[48]. A disadvantage for mobile applications is their relatively low specific energy
density (30-50 Wh/kg)[46]. However, they could potentially be a cost-effective solution
for large-scale stationary energy storage solutions, where weight is not a concern.
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Due to the proximity of the potentials for charging of the iron electrode and HER,
during and after charging, hydrogen is evolved on the iron electrode. Therefore, the
main focus of research on Ni/Fe batteries in the past has been to suppress the hydro-
gen evolution reaction. Suppression of oxygen evolution on the nickel electrode has also
been addressed by lowering the equilibrium charge potential by doping the hydroxide
with Co, and thus increasing the distance to the OER potential[48].

2.4.1.

During discharge, the reaction of this battery can be expressed as:

2NiOOH + Fe +2H, O — 2Ni(OH); + Fe(OH)» (2.9)

At deep discharge rates, the iron electrode can undergo further discharge.

NiOOH + Fe(OH), — Ni(OH); + FeOOH (2.10)

The first reaction is highly reversible. However, the second oxidation step of Fe(OH),
results in damage to the battery life[47]. Typically, cells include an excess of iron elec-
trodes in order to eliminate the chance of Fe(OH), oxidation[48][49].

The electrodes are placed in a 30 wt.% KOH solution, which provides the necessary
conductivity for the ionic current. Typically 50 g/L of LiOH is added to improve the ca-
pacity of the positive nickel electrode. Although this is common practice, the reason
why the lifetime of the electrode increases with LiOH additions is not understood. The
chemical reaction can be expressed as two half reactions, each one pertaining to one
electrode.

The half reactions, for battery discharging, can be presented as follows:

Positive electrode ~ NiOOH + H,O + e~ — Ni(OH)» + OH~  E° = 0.53 vs. SHE

Negative electrode Fe + 20H™ — Fe(OH); + 2e~ E® =-0.87 vs. SHE
Overall 2NiOOH + Fe — 2Ni(OH), + Fe(OH);  E°=1.4Vvs. SHE
Figure shows the voltage characteristics for a typical nickel/iron battery at con-

stant current. A discharge curve is followed by a charging curve at constant current.

2.4.2.

Nickel iron batteries use an aqueous electrolyte consisting of highly concentrated KOH.
As mentioned in the previous section, cobalt is used to dope the iron electrode to in-
crease the overpotential of OER and thus prevent water splitting of the aqueous elec-
trolyte[48]. LiOH is added to increase the lifetime of the battery, although it is not clear
why this happens[34][50]. Additionally, potassium sulfide[46] increases the performance
of the NiFe cells by increasing the coulombic efficiency([51]. Other known additives used
to increase battery lifetime include wetting agents[52], long chain thiols[53], and organic
acids[54].
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Figure 2.10: Charge and discharge curves of a typical Ni-Fe battery- voltage characteristics at constant current
charge/discharge [47]

2.4.3.

Nickel-iron batteries are among the cheapest batteries available[55]. Furthermore, they
have 1.5-2 times the specific energy of typical lead/acid batteries[56]. The calendar life
of nickel/iron batteries is approximately 20 years, or in the order of 3000 cycles. This
includes abusive usage, such as deep discharge between cycles[47]. Although they are
cheap and robust, they are not commonly used because of the catalytic activity of iron
and nickel for respectively hydrogen and oxygen evolution production which results
in water splitting during charging and a high self-discharge rate[56]. The daily self-
discharge is approximately 1 to 2% of the nominal capacity at +25°C, but can be as high
as 10% at +40°C[48]. Because of this limiting factor, they can only be used in applications
where they are cycled often, normally in periods shorter than 48 hours[47].

2.5.

According to the International Renewable Energy Agency (IRENA) stationary applica-
tions of battery storage is poised to grow 17-fold by 2030[35]. As renewable energy ca-
pacity grows, greater flexibility is needed. By providing different time-scales of storage,
this can drive a further decarbonisation of the electrical grid[35].

The main idea of the battolyser prototype is for it to integrate the need for both long-
term and short-term storage requirements. This has been achieved by the combination
of an Edison battery with an alkaline electrolyser. In this way, the battery capacity can
be used to mitigate daily variations in renewable energy generation, while the alkaline
electrolyser will convert the additional electricity into hydrogen. Hydrogen can be sub-
sequently stored for future use in a fuel cell[36].

The main processes in the battolyser are indicated in Figure

This device is made from a modified Ni-Fe battery. The electrodes are manufac-
tured from nanostructured NiOOH and reduced Fe. Therefore, when the battery is fully
charged, the Fe acts as a HER catalyst, while the NiOOH acts as an OER catalyst [57].

The capacity limit of this system is not a fixed characteristic of the battery material.
Excess electricity can be used to produce hydrogen. Furthermore, Ni-Fe batteries are
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Figure 2.11: Schematic representation of the battolyser operation during charging and electrolysis.

very robust and have a lifetime of approximately 3000 cycles [47]. The total faradaic
efficiency of the battery and hydrogen production is close to 100% [57]. Moreover, the
device can follow electricity fluctuations typical of renewable energies, such as solar and
wind[57].

The energy efficiency is calculated as the amount of electricity available when the
battery is discharged plus the energetic content of the hydrogen produced divided by
the electric energy required to charge and perform electrolysis[57].

Currently the battolyser prototype is being scaled up and commercialized as a proof-
of-concept. As mentioned on their website[58], a pilot plant will be installed at the Vat-
tenfall Magnum power plant at the Eemshaven in The Netherlands. This consists of a
pressurized cell stack of 15 kWh with appropriate Balance of Plant and power electron-
ics. The next phase for the commercial demonstration of the technology is planned to be
at MWh scale at the clean tech campus ‘The Green Box’ in Hengelo in The Netherlands.
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Both daily and seasonal fluctuations of renewable power sources will require large-scale
energy storage technologies. A recently developed integrated battery and electrolyser sys-
tem, called battolyser, fulfills both time-scale requirements. Here, we develop a macro-
scopic COMSOL Multiphysics model to quantify the energetic efficiency of the battolyser
prototype that, for the first time, integrates the functionality of a nickel iron battery and
an alkaline electrolyser. The current prototype has a rated capacity of 5 Ah, and to develop
a larger, enhanced system it is necessary to characterize the processes occurring within the
battolyser and to optimize the individual components of the battolyser. Therefore, there is
a need for a model that can provide a fast screening on how the properties of individual
components influence the overall energy efficiency of the battolyser prototype. The model
is validated using experimental results, and new configurations are compared and the en-
ergy efficiency optimized for the scale-up of this lab-scale device. Based on the modeling
work, we find an optimum electrode thickness for the nickel electrode of 3 mm and 2.25
mm for the iron electrode with optimal electrode porosities range of void fraction of 0.15
- 0.35. Additionally, electrolyte conductivity and the gap thickness are found to have a
small effect on the overall efficiency of the device.

This chapter has been published in Ind. Eng. Chem. Res. 2021, 60, 30, 10988-10996
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3.1.

HE increasing share of wind and solar energy, together with COP21 Paris targets set

for renewable energy capacity growth, imply an increase in the variability of future
electricity generation[1][2]. Therefore, an electrical grid completely based on largely in-
termittent renewable energy sources will require widespread and efficient energy stor-
age[3][4]. Currently, fossil fuels provide the buffer capacity necessary to balance this
mismatch between energy supply and demand[1][5]. As the capacity of renewable en-
ergy increases and fossil fuel use decreases, energy storage technologies will be key for
developing grids with higher flexibility and the large-scale utilization of renewable en-
ergy sources|[6][7].

Batteries are a good option to cover short-term grid fluctuations because of their dy-
namics and high round-trip efficiency, typically around 80%(3][9]. However, due to their
cost, limited cycling rate, self-discharge, and low specific energy storage capacity (en-
ergy stored per unit mass), large-scale, longer-term storage options are required along-
side battery capacity[7][8]. An alternative solution for long-term energy storage is the
production of fuels using renewable energy. Hydrogen is an example of such a fuel that
can either be burned in a gas-fired internal combustion engine, gas turbine or electro-
chemically converted in a fuel cell to generate electricity. The advantages of using hy-
drogen as an energy carrier include it being a carbon free fuel with a high mass specific
energy density([8][10][11]. Besides being a fuel, hydrogen is also used as feedstock in the
chemical industry, as well as in the refining, food industry, metallurgical, and electronic
industry[12].

An integrated battery and electrolyser device, known as the battolyser, has recently
been developed|[6]. The battolyser was demonstrated as a possible energy storage so-
lution, as its battery functionality can stabilize short-term electricity fluctuations while
its electrolyser functionality can stabilize long-term seasonal fluctuations[6][13]. Fur-
thermore, the device was shown to be stable for more than 300 cycles[13]. As can be
seen in Figure 3.1, the battolyser utilizes two different energy storage functionalities: a
nickel-iron battery and an alkaline electrolyser. The nickel-iron battery, also known as
the Edison battery, serves as a short-term energy storage mechanism|[14]. Electricity can
be stored and generated from the materials in the electrodes via the NiOH, /NiOOH and
Fe(OH), /Fe redox couples[15]. When the maximum battery capacity is reached, the bat-
tolyser makes use of the electrocatalytic properties of Fe and NiOOH for electrochemi-
cal hydrogen and oxygen evolution and the device then acts as an alkaline electrolyser.
Thereby, the excess electricity that cannot be stored in the battery functionality is used
to split water molecules from the electrolyte, generating hydrogen and oxygen[14][15].

Since the system operates as both a battery and electrolyser, the capacity limit of this
system is not fixed by the amount of the active battery material. An additional advantage
of using Ni-Fe batteries in the system is that they are very robust and have a life time of
approximately 3000 cycles, or 20 years[13][16]. The total energy efficiency of the system,
combining battery functionality and hydrogen production, is around 90%[13]. More-
over, the device can follow electricity fluctuations typical of renewable energies, such as
solar and wind[13].

Here, we report on the development of a macroscopic model that can quantify the
energy efficiency of the existing battolyser prototype. The current battolyser prototype
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Figure 3.1: Schematic illustration of the chemical reactions that occur during charging, overcharging, and dis-
charging of the battolyser.

has a rated capacity of 5 Ah, and to develop a larger, more optimized system it is nec-
essary to characterize the processes occurring within the battolyser and to optimize the
individual components of the battolyser. Therefore, there is a need for a model that can
provide a fast screening on how the properties of individual components influence the
overall energy efficiency of the battolyser prototype.

Many empirical and semi-empirical models have been proposed to simulate alkaline

electrolysis[17][18], however our approach integrates thermodynamics, kinetics, and trans-

port mechanisms to model the performance of the integrated storage device including
details of the specific geometry. Furthermore, only a handful models of alkaline elec-
trolysis have been validated experimentally[19]. Many models simulate the I-V charac-
teristics of different electrochemical cells, however, not many can determine the effect
of the geometric cell parameters on the functionality[17][19][20]. The model developed
here is validated using experimental results, and new configurations and design param-
eters have been compared and optimized for the upscaling of this lab-scale device. The
model developed is able to predict the energy efficiency of different configurations with-
out having to test these configurations individually, which is of utmost importance in
upscaling the current battolyser prototype. In addition, the developed model is to the
best of our knowledge the first model that integrates a battery and electrolyser function-
ality for Nickel Iron batteries. A comprehensive model for Zinc Nickel batteries has been
recently published[21]. Using the model, we will give design recommendations that can
improve the device efficiency, taking into account both the battery and electrolyser func-
tionality and the trade-offs inherent for the optimization. Some of the limitations of the
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current model include bubble production and thermal effects, and future efforts can be
made to study these effects.

3.2.

3.2.1.

A 1D COMSOL Multiphysics model has been developed to simulate the integration of
battery and electrolyser functionalities of the battolyser system. The COMSOL Multi-
physics model is a time-dependent partial differential equation system using a Back-
ward Differentiation Formula (BDF) solver with variable size up to extremely fine finite
elements. This tool was chosen to solve the governing physical equations detailed here.
To describe the integration of both storage functionalities a number of aspects must be
taken into account, including:

the diffusion of hydroxide ions from one electrode to another and the concentra-
tion profiles of hydroxide and potassium ions through the width of the cell,

the calculation of the cell potential, including the overpotential of each chemical
reaction,

the electrochemical reactions for the battery functionality including the nickel
positive electrode and the iron negative electrode reactions and the determina-
tion of the state of charge of the battery,

the electrochemical reactions for the electrolyser functionality including the hy-
drogen evolution reaction (HER) and oxygen evolution reaction (OER),

the bubble production.

These phenomena are all quantified for different time scales, therefore building a
time-dependent model that simulates both battery and electrolyser functionalities in
the x dimension of the battolyser cell.

The COMSOL Multiphysics model is a time-dependent partial differential equation
system using a Backward Differentiation Formula (BDF) solver with variable size ex-
tremely fine finite elements. A schematic representation of the electrochemical cell is
presented in Figure 3.2. The cell is composed of an iron negative electrode, a nickel
positive electrode (both from Ironcore) and a polyphenylene sulphide fabric commer-
cial separator (Zirfon PERL, AGFA). All three components are porous and considered to
be filled with aqueous liquid 5 M KOH electrolyte. A cross-section of the battolyser is
modeled in one dimension. Thereby, length and height effects are neglected. The aver-
age particle diameter is considered for solid diffusion. The model includes effects of the
electronic current conduction in the electrodes and ionic charge transport through the
electrodes, electrolyte, and separator.

This model simulates mass transport in the electrolyte and within the particles that
form the electrodes. A similar model was developed by Newman and Paxton to de-
scribe NiMH batteries. A similar approach is taken, but secondary reactions are in-
cluded to take into account HER/OER production. The reaction source term includes
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Figure 3.2: Schematic diagram of battolyser cells and their model representation including the Ni(OH)2 posi-
tive electrode, aqueous KOH electrolyte, polyphenylene sulphide separator and Fe(OH)2 negative electrode.

x

Butler-Volmer kinetics, both for the charging/discharging reactions and the gas produc-
tion reactions. All the simulations are considered at ambient temperature and pressure.
Thermal effects are not considered as the current density is relatively low compared to
industrial electrolyser systems. Therefore, thermal effects due to high current density
effects are assumed to be negligible. Pressure effects are not considered as the system
operates under atmospheric pressure conditions.

Diffusion and Migration — The transport of species in the electrolyte is calculated
using the Nernst-Planck equation:

N;=—-D;Vc;i —zjumiFciVO; 3.1

where N; is the particle flux of species i, D; the diffusion coefficient, c; the concentration,
z; the valence,u,,; is the mobility, F is Faraday’s constant.

Since there is no forced flow, transport is due to diffusion and migration. An effective
ambipolar diffusivity is used for the electrolyte, which considers the diffusion of both
ions in the electrolyte. The diffusive flow of K* and OH™ is coupled due to the require-
ment of electroneutrality on the movement of the respective ions.

As the electrolyte used is highly concentrated (5 - 6.5 M KOH), a concentrated so-
lution model is considered, and therefore changes in conductivity and diffusivity in the
electrolyte are concentration dependent. The electrolyte is modelled using concentrated
solution theory with three mobile species: K*, OH™ and H,0. Concentrated electrolyte
theory for a binary (1:1) electrolyte is used to describe charge transport in the electrolyte
phase. For a binary electrolyte with equal valences, electroneutrality stipulates that the
concentration of OH- and K+ are taken to be equal at all points in space. The effective
ionic and electronic conductivity are corrected to factor in the tortuosity of a porous
electrode material filled with liquid electrolyte using the following expression:

o =g (3.2)
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where Uif ! is the effective conductivity of the solid electrodes and Y is the Brugge-
man coefficient set to 1.5 for a packed bed of spherical particles[22]. The diffusion coef-
ficient for the electrolyte is corrected to take into account tortuosity and porosity in the
same way. Diffusivity in the electrolyte gap is faster due to bubble movement. The em-
piric relationship used to describe the effect of bubbles in the electrolyte gap is further
discussed in a separate section.

Potential — The electronic current in the solid electrode particles is determined by
Ohm’s law:

is=—-0sVDs (3.3)

where is the electronic current, o is the solid conductivity, and ®; is the potential dif-
ference in the solid. The ionic current through the liquid electrolyte can be described

by:

. (20RT) O *Ina) C

ij=—0,V®; - F * (1+ (6*lncl))*(t++c—0)*V1nCl (3.4)
where i; is the ionic current through the electrolyte, o; is the conductivity of the liquid
electrolyte, ®; is potential in the electrolyte, C; is the concentration of hydroxide ions in
the electrolyte, Cy is the initial concentration of hydroxide ions, a is the activity, R is the
universal gas constant, T is temperature, and F is Faraday’s constant. The total current
is:

i=i+is (3.5)

where is i the electronic current through the solid electrodes and i; is the ionic current
through the electrolyte. The boundary condition at the grounded electrode is:

¢s=0 (3.6)

The Nickel electrode’s external metal surface is at one potential, depending on the
applied constant current. This defines whether the battery is charging or discharging by
multiplying the current value with a step function which changes from 1 to -1 depending
on the time. The iron electrode is also at a constant potential, equal to zero since it is
considered to be grounded.

The overpotential is calculated as the difference between the electrode potential, the
electrolyte potential, and the standard electrode potential.

n=¢s—¢;—E° 3.7)

where 7 is the overpotential and E° is the standard electrode potential of the electrode
material. The equilibrium potential of the positive electrode is composition dependent
and based on experimental data[22]. A more accurate description of the dependence
of the equilibrium potential on the state of charge of the electrode can be found in Ap-
pendix A, Figure A.1. Ohm'’s law is used to describe charge transport in the electrodes.
Diffusion inside the porous electrodes is modeled by Fickian diffusion, assuming that
the particles are spherical.
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Both electrodes are modeled as consisting of spherical porous particles with uniform
size and porosity. Particle size and porosity are assumed to be independent of the state
of charge of the battery and constant. Each electrode is considered as a two-phase sys-
tem consisting of a porous particle matrix and liquid electrolyte. Gaseous products are
modeled as dissolved species in the liquid electrolyte. Gas build-up is therefore not con-
sidered in the model, only dissolved hydrogen and oxygen in the liquid electrolyte, which
is a reasonable assumption for low current density operation. Bubbles are considered to
increase the ambipolar diffusivity coefficient of the electrolyte. The reverse reactions for
both HER and OER are not considered.

Electrochemical reactions — The following electrochemical reactions describe the
Faradaic processes occurring at the electrodes.

On the positive nickel electrode:

Ni(OH), + OH™ «—— NiOOH + H»0 + e~
40H™ «— 0y +2H,0 + 4e™~

On the negative iron electrode:

Fe(OH,) +2e™ «—— Fe + 20H~
2H,O+2e™ — Hy + 20H™

During charging, hydroxide ions move from the negative electrode to the positive
electrode. As the battery starts charging, the catalysts for oxygen evolution and hydro-
gen evolution are generated, resulting in oxygen production on the nickel oxyhydroxide
(NiOOH) particles and hydrogen production on the metallic iron surface. The cell po-
tential increases during charging, dependent on the state of charge of the battery. Once
fully charged, the device performs solely as an alkaline electrolyser.

Chemical reaction rates are derived from the general Butler-Volmer equation:

@aFn —ackn
j=jox(e RT —e RT (3.8)
where j is the current density, jy the exchange current density, a, is the anodic charge
transfer coefficient, a. is the cathodic charge transfer coefficient, 7 is the overpotential,
F is Faraday’s constant, R is the universal gas constant, and T is the temperature.

The model considers transport of species in one direction. The material balance for
species i is given by:

0; .

R; = E+V* (—Dch,-—zl-umchiV(pl) (3.9
where R; is the reaction rate, c; is the concentration of species, D; is the diffusion coef-
ficient, z; is the number of electrons, u,,i is the mobility and ¢, is the ionic potential in
the liquid electrolyte.

Chemical reactions are proportional to the electrochemically active surface area. This
is measured from the active material via BET measurements, and can be found in Ap-
pendix A, Section A.4. The intercalation reaction is taken into account as a solid concen-
tration which can then be used to calculate the state of charge considering the amount
of active material available:
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Cs

SoC = (3.10)

Cs,max

where c;s is the average concentration of the reacted species in the electrode materials,
Cs,max is the maximum concentration that can be loaded, which indicates the theoretical
capacity of the battery materials. The exchange current density of the secondary reac-
tions,HER and OER, is assumed to increase linearly with the local SoC of the electrodes.
This assumption is made tosimulate the different catalytic activity of the discharged and
charged battery electrode materials. The gaseous products of the electrochemical reac-
tions are assumed to remain in liquid phase. In reality, due to the low solubility of both
O, and Hy only a small fraction of the gaseous products will dissolve in the electrolyte
while most will bubble out. The products of charging and discharging electrochemical
reactions remain in the solid phase.

Bubble effects — Although the gas fraction is not explicitly calculated, the increased
mass transfer due to bubble movements is simulated as a simple empirical relation. The
effects of bubble break-off and the movement of fluid that replaces that space is calcu-
lated using the Rousar correlation in a characteristic Sherwood number, Shy [23][24]:

12
Shy =/ —Re%>Sc*%g%3 (3.11)
V2

For the effect of growth and wake flow, Vogt’s correlation for low bubble coverage (0
smaller than 0.5) is used to calculate another characteristic Sherwood number, Shy[24]:

2 VB8R
Shy = —Re%38c034 (1 - ——20%51+06 3.12
2 NG re) ( 3 R )( ) ( )
where the total effect of the bubbles is calculated as:
Shpubbies = (Shi + Sh3 + 1) (3.13)

The bubble coverage, 6, is calculated using the empirical relationship developed by
Vogt on a flat-plated electrode([23]:

0.3

0=0.023— (3.14)
A

where I is the current and A is the geometric area. The Reynolds and Schmidt numbers
are described as:

Voas d
Reg = %7” (3.15)
Se=2 (3.16)
C=— .
D

where d}, is the characteristic length scale, v is the kinematic viscosity of the electrolyte,
D is diffusivity, and the gas volume flux can be defined as:

Veas _ j RT

= 3.17
A zF P G.17)
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where R,T, E and P are known, j is the gas evolving current density and z the number of
electrons.

Simplifications from [23] and [24] are used to calculate the effect of bubbles on the
diffusion coefficient of the electrolyte. Assumptions of this simplification evaluate the
gas production on a flat-plane electrode. As the pocket-type electrodes used in the bat-
tolyser are porous, the active surface area per volume will be larger, consequently the
electrochemical gas production will be higher. Following Vogt’s assumptions, R;/R is
assumed to be 0.75. The resulting value is used to enhance the diffusion coefficient dur-
ing charging, increasing the ambipolar diffusivity by a factor of 30%.

3.2.2.

An experimental setup was designed to validate the model results. The setup consists of
a commercial Ni-Fe battery (Ironcore Batteries, 10Ah capacity) in its original casing. A
schematic representation of the cell design can be found in Appendix A, Section A.6 and
the composition of the electrode materials can be found in Appendix A, A.5. The elec-
trodes are kept separate by rubber separator plates to avoid a short-circuit. The set-up
includes 3 nickel electrodes and 2 iron electrodes. The battery set-up was conditioned as
recommended by the manufacturer. The conditioning procedure consisted of 15 cycles
of charge/discharge at C/5 rate. During these cycles ultrapure water is added to replen-
ish the electrolyte once a week.

The electrolyte used in the validation experiments is a 5 M KOH solution. Details on
the conductivity of KOH are presented in Appendix A, Figure . A5 M KOH electrolyte
is chosen because of its high conductivity, whereas further increasing the KOH concen-
tration did not significantly increase the conductivity. Ultrapure water, from a Milli-Q
water purification system, and KOH flakes (85%, Merck) were used to prepare the elec-
trolyte.

The electrodes used in the experimental tests are commercial electrodes purchased
from Iron Core Power, taken from commercial nickel iron batteries with a nominal ca-
pacity of 10 Ah. The positive nickel electrode is prepared from Ni(OH), precipitated from
a nickel sulfate solution using NaOH. This is then filtered, washed and dried. The result-
ing hydroxide is ball milled with a 13 wt% graphitic carbon additive to increase the con-
ductivity. This material is then compacted and placed in nickel coated steel perforated
pockets. The negative iron electrode is composed of ground magnetite Fe304, metallic
iron, and 2 wt% of graphitic carbon. NaCl is added as a pore former. After compact-
ing and sintering at 700°C the NaCl is dissolved. The active material is compacted and
collected in nickel coated steel perforated pockets.

The particle size distribution of both porous electrode materials was measured via
scanning electron microscopy (SEM) images. SEM imaging and energy-dispersive X-ray
spectroscopy (EDX) were performed using a JEOL JSM 6500F electron microscope. The
measured average particle size is used to model diffusion inside the electrode particles.
More information can be found in Appendix A, section

The electrochemically active surface area (ECSA) was measured experimentally us-
ing the Brunauer-Emmett-Teller (BET) technique. A Gemini VII 2390p analyzer was used
to perform this measurement. It is assumed that the porosity of the materials is indepen-
dent of state of charge and therefore does not change throughout the charge/discharge
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cycles.

The cell was charged at a constant current of 2 A for a duration of 12 hours to account
for the total capacity and an additional 2 hours of gas production. Subsequently, the cell
was discharged at a constant current of -2 A or until the cell potential dropped to 1.1 V.
This is done to limit the iron reaction to the first discharge plateau.

3.3.
3.3.1.

To validate the COMSOL Multiphysics model a representation of the commercial cells is
developed. The geometry of the validation model is presented in Figure 3.3 a. Using this
1 dimensional cell geometry simulation, the model is validated experimentally. Exper-
imental and modeling results of the variation of cell potential during charge/discharge
cycles at constant current and the gas production quantities are compared. A 1D ap-
proach is chosen because it is found to
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Figure 3.3: a) Schematic diagram of the cell geometry used for validation and b) a comparison of the cell
potential during charge and discharge cycles at constant current for experimental and simulation results. Cell
potential vs. time during a galvanostatic charge and discharge cycle. Charging and discharging at C/5 rate
equalto 2 A.

show good agreement with experimental data and, as bubble formation is not in-
cluded in the model, height differences will not be taken into account. Therefore, a 1D
version that agrees with the experimental data is used to optimize the setup.

As is shown in Figure b, the simulated onset potentials of the battery charging
reactions and the gas production reactions are very similar to the experimental values.
The total discharge capacity is also predicted very accurately. The transition from battery
charging in the first hours of operation to gas production, the plateau observed between
9-12 hours of operation, is smoother in the experimental results than in the modeling
results. A possible explanation for this difference is the use of a linear relationship be-
tween the exchange current density of HER and the state of charge (SoC) of the battery
electrodes. Since the catalyst for HER is produced during charging, gas production will
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be dependent on the overall SoC of the battery. As can be seen in Figure S6, gas produc-
tion can be described as two separate linear relationships with different slopes, however,
in the model this is simplified to a single linear relationship. The simplification of the de-
pendence of gas production with SoC could therefore explain the smoother transition in
experimental data. Particle size and porosity are assumed to be independent of the SoC,
and this assumption could also be a possible explanation for the discrepancies between
the simulation and the experimental results.

The total gas production quantities predicted by the model were validated with small-
scale experimental measurements of the volumes of H, and O, produced during oper-
ation. More information on the measurement of O, and H, production can be found
in Appendix A, section Figure A.6. At the end of the charging time, after 12 hours of
applying current to the system, the total hydrogen production predicted by the model
is 0.2 mol. Experimentally, we measured gas production for 9.5 hours. With this data
we extrapolated the total gas production for the total 12 hours simulated. Using this
linear extrapolation, we obtain a production of 5 L of gas in 12 hours of total charging
time, and using the pressure and temperature of the lab at the moment, together with
GC measurements of the percentage of hydrogen present in the sample, we measured
hydrogen production to be 0.194 mol. This is in accordance to the amount of hydrogen
measured experimentally, therefore the model in this respect corresponds with experi-
mental measurements.

Further validation is done by performing galvanostatic charge and discharge cycles
at different current rates. The validation data at different currents is presented in Ap-
pendix A, Section/.7. Important parameters such as the potential for gas evolution and
the battery capacity are modeled correctly in accordance to the experimental data. The
slight differences between experimental and modeling results can be explained by the
simplifications and assumptions used to build the model, as described above, and are
small enough to proceed with using the built model for the subsequent optimization of
the unit cell.

3.3.2.

The main objective of this study is to optimize cell parameters to increase the energetic
efficiency of the battolyser. The energetic efficiency of the battery component can be
calculated using equation , while the total efficiency of the battolyser considering
hydrogen production is calculated using equation

Lrotal
Laischarge * f; fora Veendt

discharge

Ntotal = Taiseharee (3.18)
Icharge * j;)d hars Veenndt
(Idischarge * ft;tf;ca,;arge Veerrdt) + (molH, x HHV)
Ntotal = (3.19)

tdischarge
Icharge * fo Veendt

Using the model parameters validated in the previous section, a 2-electrode geome-
try was simulated using COMSOL Multiphysics software. This setup allows for the effi-
cient separation of hydrogen and oxygen gas produced in the electrolysis functionality of
the device by including an open mesh polyphenylene sulphide fabric separator coated
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with a mixture of a polymer and zirconium oxide, between the negative and positive
electrodes. Zirfon PERL is used industrially in alkaline electrolysis as it is one of the few
stable separators at high pH values[25]. Therefore, this configuration is used to optimize
the unit cell. The parameters that are modified and optimized are the electrode thick-
ness, electrode porosity, the electrolyte conductivity and gap thickness.

Electrode thickness — By modifying the electrode thickness it is possible to mod-
ify the energy density of the device by increasing the total amount of active material in
a single unit cell. Electrode thickness is varied by multiplying the electrode thickness,
maximum theoretical capacity, and current by a certain factor. To keep the charging and
discharging time scales constant, the current scales with the amount of active battery
material, keeping the current density per active material constant throughout the differ-
ent scenarios. However, by making the electrode thickness larger, the innermost active
material in the porous electrode might be more difficult to charge. Moreover, the dis-
tance from one current collector to the other increases as electrode thickness increases,
increasing the ohmic drop in the electrodes. This will cause a decrease in the percentage
of the electrode that is effectively used during charging and discharging.

The electrode thickness is multiplied by a scaling factor “n” ranging from 0.1 to 4.
Results of the efficiencies, battery capacity, and hydrogen production for different elec-
trode thicknesses are presented in Figure 3.4. Increasing the electrode thickness results
in a decreased efficiency as can be seen in Figure (). This can be explained by the
relatively low electronic conductivity of the electrode materials[22], which is compara-
ble in order of magnitude to the effective ionic conductivity of the electrolyte. However,
this effect has to be balanced with the total battery capacity and the final use the bat-
tery will have. Since this device integrates two functionalities, it is possible to optimize
for increased battery storage or hydrogen production. For example, if hydrogen produc-
tion is preferred, thinner electrodes with a very high surface area are more beneficial. If
a specific application requires a specific battery capacity this can be achieved by mod-
ifying the electrode thickness to adapt to the discharging capacity and time-scale. It is
therefore important to compare the practical utilization of the battery electrodes and the
charging cycle duration. Furthermore, increasing electrode thickness will decrease the
relative cost per active separator area[26][27].

Figure 3.4 (b) shows the effect of changing the electrode thickness on the battery ca-
pacity and total hydrogen production. Hydrogen production increases more than linear
with n, resulting in larger increases at larger scaling factors. This can be due to less of the
current being used to charge the battery, as the battery capacity no longer increases lin-
early with an increasing scaling factor after the thickness is doubled. Because of this, the
relationship between battery capacity and hydrogen production changes, resulting in a
reduction in both the battery and the total efficiency. Battery capacity begins to plateau
aftern=4.

By reducing the thickness of the electrodes there is hardly any change in the effi-
ciency of the device. Nevertheless, it is important to take into account that the battery
capacity is reduced because the amount of active material is reduced. Overall, a thinner
electrode will result in a higher efficiency due to smaller ohmic drops inside the elec-
trodes. According to Haverkort[28], thinner electrodes result in higher efficiency. How-
ever, this does not take into account the time scales required for charging and discharg-
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Figure 3.4: a) Battery and total integrated energy efficiency with respect to the scaling electrode thickness
factor, where n is multiplied by the electrode thickness to analyze the effect of decreasing and increasing the
electrode thickness, and b) battery capacity and total hydrogen production vs. scaling electrode thickness
factor.

ing. Depending on the intended function of the battery and the resulting time-scales
necessary for charge and discharge of the specific application, battery capacity and dis-
charge time should be included in the analysis.

Taking into account the required battery storage capacity, a thicker electrode is more
favorable. Therefore, to increase battery capacity and optimize the energy efficiency of
the device, a slightly thinner electrode is chosen as the optimum. Taking into account the
time-frame or renewable energy availability, this is chosen to keep the capacity of battery
storage to hydrogen production relatively equal. This can be modified depending on the
application required, and should be further optimized taking this into account.

Because of the battery capacity required and the hydrogen production increase re-
lated to the increase of electrode thickness, the value chosen for these electrodes is n =
0.75 of the benchmark electrode thickness, corresponding to a nickel electrode thickness
of 3 mm and an iron electrode thickness of 2.25 mm. Using these electrode thicknesses
results in a battery capacity of 3.5 Ah, with a total energy efficiency of 86%.

Electrode porosity — The electrode porosity is defined as the electrolyte volume frac-
tion or the percentage of volume taken up by electrolyte. The starting point is e = 0.5,
meaning that equal volumetric portions of the electrode are taken up by active material
as electrolyte. This parameter is modified from 0.1 to 0.7, as can be seen in Figure

Decreasing the porosity values results in a lower ionic conductivity in the electrode,
as the ionic pathways through the porous electrode material would be limited in an elec-
trode with a low volumetric fraction of electrolyte.

Due to the high porosity of the electrode material, the void fraction filled with elec-
trolyte can be larger than the expected void fraction of a packed bed of spheres. Decreas-
ing the porosity results in a higher battery capacity due to the increase in active material.
As can be seen in Figure 3.5 (b), as the void fraction increases, battery capacity decreases,
as expected. Hydrogen production remains relatively constant with respect to the void
fraction.

In the porosity range of 0.15-0.35 electrode volume fraction an optimum device effi-
ciency is found, as this electrode porosity results in an increased total efficiency. This is
comparable to a theoretical optimum for a porous foam-like electrode.28 Above e = 0.35
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Figure 3.5: a) Battery and total integrated efficiency with respect to the electrode porosity, and b) battery ca-
pacity and total hydrogen production vs. the electrode porosity.

reduces because less active material can be charged, and more charge is converted
to hydrogen. Smaller void fractions result in similar battery capacity but lower overall
efficiency.

Electrolyte conductivity and gap thickness — Both the electrolyte conductivity and
gap thickness were also optimized, but as expected, at low current densities the impact
on the efficiency is small. Results of this optimization can be found in Appendix A, Fig-
ure and Figure A.9. In short, the highest conductivity of KOH is chosen as optimal,
and for this a KOH concentration of 5 M is chosen, as a further increase in KOH concen-
tration results only in a small increase in conductivity[29]. Increasing the gap thickness
leads to increasing ohmic resistances. Therefore, the smaller the gap between the elec-
trodes, the lower the ohmic drop. However, there is also an accumulation of gaseous
products in the gap that results in a reduction of hydroxide concentration close to the
electrode surface[8]. Given the simplification of bubble transport in the model, the op-
timization results do not consider the products bubbling out. Consequently, a constant
gap thickness of 3 mm on each side of the membrane was chosen for the sake of com-
parison.

3.3.3.

Following the energy efficiency based modeling optimization the optimal battolyser unit
cell will consist of a nickel electrode of 3 mm thickness and an iron electrode of 2.25 mm
thick. The electrode material porosity for both electrodes should be designed to be at a
void fraction of range between 0.15-0.35. This is possible due to the highly porous active
electrode material. The electrolyte consists of a 5 M KOH solution and the electrodes
should be placed 3 mm from the membrane, resulting in a total gap thickness of 6.05
mm, including the membrane thickness.

Using the model, specific parameters can be fine-tuned without extensive experi-
mental measurements. This provides a pathway to developing integrated solutions to
couple long-term and short-term energy storage. By analyzing the effect of specific pa-
rameters and their effect on both battery capacity and total energy efficiency, the unit
cell can be optimized to fit a specific application where a certain battery capacity or
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hydrogen production is required. Furthermore, the model developed can be used as a
complex integration tool where specific functionalities can be improved. The integration
of a battery and electrolyser in a single device presents its challenges, as optimizing the
device can result in an improvement of only one of the functionalities. Hence, according
to the final application of the device a specific end target can be used as the optimization
criteria.

A summary of the final optimized cell is presented in Table 3.1.

Table 3.1: Optimized cell parameters

Parameter Optimized values
Positive electrode Nickel hydroxide
Positive electrode thickness 3 mm

Negative electrode Iron hydroxide
Negative electrode thickness 2.25 mm
Electrode void fraction 0.35

Battery capacity 3.5Ah

Hydrogen production 0.03 mol

Energy efficiency 86%

Pressure Ambient
Temperature Ambient

By using the developed modeling tool, charging and discharging cycles can be sim-
ulated in approximately 2 minutes, reducing the time required to optimize for specific
parameters. This facilitates the iterative design process and allows for many quick mod-
ifications in the unit cell layout.

3.4.

We have developed a COMSOL Multiphysics model for the optimization of the battol-
yser, an integrated battery and electrolyser system. The model includes the electrochem-
ical reactions related to battery charging and discharging, electrochemical reactions of
hydrogen and oxygen production, transport mechanisms through the electrolyte gap,
membrane and porous electrodes, and effective diffusivity and conductivity inside the
porous electrodes. We validated the model with experimental results. Using the simula-
tion results we showed that the optimum electrode thickness is smaller than that of the
commercial Ni-Fe battery electrodes used, 0.75 times the commercial electrode thick-
ness, corresponding to an electrode thickness of 3 mm for the nickel electrode and 2.25
mm for the iron electrode. Optimizing for the porosity of the electrodes we found that
the optimum range of electrode void fraction lies between 0.15 — 0.35.. Both modifica-
tions result in a combined overall efficiency of 86%, compared to a base-case efficiency
of 80%.

The electronic resistance from the electrode material and battery capacity are the
main limitations of the battolyser design. Battery electrodes are comparatively orders
of magnitude thicker than those used in alkaline electrolysis. Therefore, the optimiza-
tion of the integrated device is a complex process with many trade-offs and depends on
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application demands. Depending on the application profile of the device and the main
product required — being hydrogen or electricity — the system can easily be optimized by
running these simulations.

For a combined approach where both battery storage and hydrogen production are
used, an optimized cell design was obtained by modifying the electrode thickness and
porosity. Electrolyte conductivity and gap width were also optimized. However, due to
the high ionic conductivity of the electrolyte and limited current density, the effect is
negligible.

Appendix A includes:

Model parameters and time dependent equations.

Experimental details of the materials used, including elemental composition, SEM,
XRD, and BET surface area calculation.

Experimental details for the validation and further modeling results including dif-
ferent charging rates, gap thickness variations and electrolyte conductivity modi-
fications.

Further simulation results of the electrolyte concentration profiles.
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The effect of different alkali metal cations on the oxygen evolution activity and battery
capacity of nickel electrodes has recently been studied in low concentration alkali hydrox-
ide electrolytes. As high concentration hydroxide electrolytes are favored in applications
due to their high conductivity, we investigate if the cation effects observed in low con-
centration electrolytes translate to more industrially relevant conditions for both alkaline
water electrolysis and nickel iron batteries. We investigate the alkali metal cation effect on
the electrochemical properties of nickel electrodes in highly concentrated hydroxide elec-
trolytes by adding Li*, Na*, Cs* and Rb* cations to a 6.5 M KOH electrolyte, while keeping
the hydroxide concentration constant. For OER we find a trend in activity similar to that
at low concentrations Rb*>Cs*>K*>Na*>Li*, where especially larger additions of Rb* and
Cs* (1 M or 0.5 M) cause a significant decrease in OER potential. Smaller cations interact
with the layered hydroxide structures in NiOOH to stabilize the a/y phases and increase
the potential for OER. The intercalation of small cations also causes an increase in bat-
tery electrode capacity because of the higher average valence of the Ni(OH),/NiOOH a/y
pair. Small concentrations of Li* added to a concentrated KOH electrolyte can therefore be
beneficial for the nickel electrode battery functionality and for an integrated battery and
electrolyser system, where it increases the battery capacity without a significant increase
in OER onset potential.

Highlights
1. The effect of highly concentrated alkali hydroxide mixtures on the oxygen evolution
activity and battery capacity of nickel electrodes has been investigated

2. A similar trend in oxygen evolution activity is found as reported for low concentra-
tion electrolytes

3. Additions of Li* are found to have a lasting effect on the battery capacity of nickel
electrode

4. Small additions of LiOH to concentrated KOH are found to be optimal for an inte-
grated battery and alkaline electrolysis device

This chapter has been published in Electrochimica Acta Volume 415, 20 May 2022, 140255
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4.1.

N increase in both global population and energy demand, together with a rising per-

centage of renewable energy sources on the grid, demand an increase in energy stor-
age capacity[1][2][3]. Electrochemical storage techniques will play a key role in the en-
ergy transition to cleaner and more sustainable energy forms[4][5][6].

Batteries have a high energy efficiency and high roundtrip efficiency, but are not ideal
for longer term storage due to self-discharge and costs. Water electrolysis can be ad-
vantageous for longer term, seasonal storage as the hydrogen that is produced can be
stored for prolonged periods of time[7]. Battery storage and water electrolysis can also
be integrated in a single device to provide both long-term and short-term storage ca-
pacity[7]. The battolyser, an integrated battery and electrolyser device, combines two
different energy storage functionalities: a nickel-iron battery and an alkaline electrol-
yser[8][9]. Electricity can be stored and generated from the materials in the electrodes
via the Ni(OH), /NiOOH and Fe(OH); /Fe redox couples[10]. When the maximum bat-
tery capacity is reached, the battolyser makes use of the electrocatalytic properties of
Fe and NiOOH for electrochemical hydrogen and oxygen evolution and the device acts
as an alkaline electrolyser. Thereby, the excess electricity that cannot be stored in the
battery functionality is used to split water molecules from the electrolyte, generating hy-
drogen and oxygen|[7][11]. The relevant reactions on both the nickel and iron electrode
are given below, alongside their standard equilibrium potention (E°):

Nickel electrode:

Ni(OH)3 + OH™ —— NiOOH + H,0 + e~ (E® = 0.53VvsSHE)
40H — 0y +2H,0 +40H™ (E® = 0.40Vvs- SHE)

Iron electrode:

Fe(OH)y + 2~ — Fe + 20H~ (E° = -0.87Vvs- SHE)
2H,0 +2e~ —— H, + 20H™ (E° = —-0.83Vvs- SHE)

The development and evaluation of different catalysts for the oxygen evolution re-
action (OER) has been the subject of a considerable amount of research in recent years.
Nickel oxyhydroxide layered double hydroxides (NiOOH-LDH) are promising materials
for OER in alkaline conditions because of their excellent catalytic performance and lower
costs compared to other good electrocatalytic materials, such as IrO, and RuO,[12].
Nonetheless, most experimental studies have used dilute electrolyte solutions to study
these electrocatalysts, even though the pH of the electrolyte solution is known to af-
fect the catalytic properties of NIOOH materials and industrial applications make use of
highly concentrated electrolytes[13][14].

Studies focusing on electrolyte effects have shown that cations can intercalate into
the Ni(OH), layered structure and thereby modify its electrocatalytic performance[15][
Constantin et al. report a modification in the hydroxide layers leading to an increase in
the catalytic activity of OER on NiOOH in the presence of Li*[17]. The intercalation of Cs*
cations has been shown to elongate Ni-O bonds because of their larger size[18][19]. Gar-
cia et al. report that the OER activity of NiOOH in alkali hydroxide electrolytes follows
the trend Cs*>Na*>K*>Li*. Using surface enhanced Raman spectroscopy (SERS) they
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show that the presence of cations affects the formation of the superoxo OER interme-
diate (Ni-OO™). The cations interact with the Ni-OO~ species, forming a Ni-O0~M*
species that is stabilized by bigger cations, such as Cs*. The Ni-OO~M™* species then
serve as a precursor to OER[20]. This indicates that alkali metal cations have a signif-
icant effect on OER activity of NiOOH and therefore can be used to tune the reactivity
of the catalytic surface[18]. However, all of these effects have solely been reported in
low concentration electrolytes, typically using a 0.1 M alkali hydroxide electrolyte, and
therefore there is little insight on how these processes affect alkaline electrolysis in more
industrially relevant, concentrated alkali hydroxide electrolytes.

Moreover, the presence of alkali cations in the electrolyte has a substantial effect on
NiFe battery operation. Typically, LIOH is added to KOH electrolytes in NiFe batteries
to increase the lifetime and cycleability of the batteries[21]. Specifically, the addition of
LiOH has been shown to increase the lifetime of the positive Ni(OH), electrode[10], as
at temperatures above 40°C Fe can dissolve into the concentrated KOH electrolyte and
migrate towards the positive Ni electrode. This leads to Fe inclusions in the Ni electrode
that can stabilize the NiOOH a/y phase, leading to a lower onset potential for OER[22].
Fe has been reported to intercalate into Ni(OH), after only 5 cyclic voltammetry cycles,
resulting in larger intersheet spacing in the NiFe(OH), structure [23]. This in turn causes
a shift in potential for the Ni(OH),/NiOOH redox couple and a reduction in the onset po-
tential for OER. These alterations result in a higher electron capacity for battery storage
due to the higher average valence of the Ni(OH),/NiOOH a/y pair and a higher loss due
to the secondary oxygen evolution reaction [24] [25] [26].

Here, we investigate the effect of concentrated alkali hydroxide electrolyte mixtures
on the OER performance and battery functionality of nickel electrodes. We do this by
adding specific concentrations of alkali cations, namely Li*, Na*, Cs*, and Rb*, to highly
concentrated KOH electrolytes and performing both rotating disk electrode (RDE) and
battery cycling experiments. Moreover, we optimize the electrolyte composition for the
integration of both the NiFe battery and alkaline electrolysis functionalities in a hybrid
device such as the battolyser. For OER we find a trend in activity similar to that at low
concentrations Rb* > Cs* > K* > Na* > Li*, where especially larger additions of Rb* and
Cs* (1 M or 0.5 M) cause a significant decrease in OER potential. Smaller cations interact
with the layered hydroxide structures in NiOOH to stabilize the a/y phases. The inter-
calation of small cations also causes an increase in battery electrode capacity because of
the higher average valence of the Ni(OH), /NiOOH a/y pair. Small concentrations of Li*
added to a concentrated KOH electrolyte can therefore be beneficial for the nickel elec-
trode battery functionality and for an integrated battery and electrolyser system, where
it increases the battery capacity without a significant increase in OER onset potential.

4.2.

4.2.1.

5 mm diameter, 4 mm thick Sigradur G glassy carbon (GC) mirror polished disks (HTW
Hochtemperatur-Werkstoff GmbH) were used as working electrode substrates. To clean
the electrodes, the GC disks were sonicated for 10 minutes each in ultrapure water, ace-
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tone, isopropanol, and again in ultrapure water.

The drop-casting procedure used in this study is based on aliterature procedure[27][
Powder-based inks were made using the active material of the commercial battery elec-
trodes (Ironcore Batteries, patent nr. US20140377626A1), using 3.8 mL ultrapure water
(MilliQ), 1.0 ml 2-propanol (= 98 technical grade, VWR Chemicals), 40 p 1 of 5% Nafion
117 solution (Sigma Aldrich), and 80 mg of the active battery material powder. The metal
oxide powder contains impurities and graphitic carbon included in the battery for addi-
tional conductivity. Characterization of the commercial electrode materials using ICP-
OES results are presented in Appendix B, Table B.2. The inks were sonicated for 15 min-
utes after which 10 p1of catalyst ink was drop-cast onto the mirror-polished GC disk and
subsequently dried in an oven at 60°C for 10 minutes.

4.2.2.

Experiments were performed in electrolytes with a 6.5 M hydroxide ion concentration

prepared from high-purity LiOH (99.995% trace metals basis, Sigma-Aldrich), NaOH (99.99%

trace metals basis, Sigma-Aldrich), KOH (99.99% trace metals basis Sigma-Aldrich), CsSOH
(=99.5%, Sigma-Aldrich) and RbOH (99%, Sigma-Aldrich). MilliQ ultrapure water (18
MQ) was used to prepare the electrolytes. The electrolyte consisted of either pure KOH
or KOH with a MOH additive, where M is either Li*, Na*,Cs*,Rb*. The concentration of
KOH and MOH is varied in accordance to Table 4.1, while keeping the total OH™ con-
centration constant, resulting in a total of 17 different electrolyte compositions being
tested.

Table 4.1: Electrolyte composition variations used in this study. The total hydroxide concentration is kept
constant at 6.5 M, while different alkali hydroxides (M = Li, Na, Cs, Rb) are mixed with KOH.

MOH
KOH (M=Lj, Na, Cs, Rb)
55M 1M
6 M 0.5M
6.4 M 0.1M
6.45 M 0.05M

4.2.3.
The GC working electrodes were mounted on a RDE assembly (Pine MSR) and cyclic
voltammograms (CVs) were recorded in a three electrode cell using a Biologic VSP-300
potentiostat. A literature methodology for testing OER catalysts was used for the RDE
experiments to obtain reproducible results[29]. Prior to the electrochemical measure-
ments, the electrolyte solution was purged with O, for 30 minutes. During the CV mea-
surements the cell was kept blanketed under O, by applying an O, flow over the elec-
trolyte. A schematic representation of the RDE assembly is presented in Appendix B,
Figure

A three electrode cell configuration with an Ag/AgCl reference electrode (Origalys,
sat. KCl) and a carbon rod counter electrode (99.999%, Strem Chemicals) was used for
all electrochemical tests. All potentials were converted from the Ag/AgCl scale to the
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reversible hydrogen electrode (RHE) scale and are reported as such. The ohmic drop was
measured using Potentiostatic Electrochemical Impedance Spectroscopy (PEIS) with a
20 mV amplitude and CV measurements and corrected for at 85% using the Biologic EC-
Lab software. The additional ohmic drop was compensated for manually. CV scans were
recorded from 0.7 to 1.7 Vvs. RHE for 5 cycles at 1600 rpm with a scan rate of 20 mV s~ 1.
The charge of the nickel oxide reduction peak was used to calculate the total amount of
active material drop-cast on the electrodes.

Consequently, all of the CVs are plotted with respect to the mass (in mg) of active
material present on the electrodes for the sake of accurate comparison.

4.2.4.
A BioLogic BCS-815 Battery cycler was used to run the charge/discharge cycles on com-
mercial NiFe batteries (Ironcore Batteries). Galvanostatic charge/discharge cycles were
performed with a potential limitation of 1.1 V to avoid over-discharging.

First, thirty battery conditioning cycles were performed on each battery using a 5
M KOH (85% Sigma Aldrich) solution as electrolyte. The rated capacity of these batter-
ies is 10Ah. The charge/discharge cycles were performed using a recommended charg-
ing rate of C/5 and a discharge rate of C/6.6. This coincides with a constant current of
2 A during charging and -1.5 A during discharge. The long-term battery experiments
were performed in a highly resistant plastic enclosure, namely the cell where the com-
mercial batteries are sold. This ensures that the experiments are performed in highly
alkaline resistant cells. The electrolyte level was kept above the minimum by manual in-
spection and addition of MilliQ ultrapure water when necessary. After the conditioning
phase the electrolyte composition was varied as shown in Table 4.2. Thirty galvanos-
tatic charge/discharge cycles were performed at the same charge and discharge rate as
mentioned before.

Table 4.2: Battery cycling test steps and details

Test phase Electrolyte Details Number of cycles
1 5M KOH 30
2 6.5M OH™ concentration 30
3 5M KOH 30

4.3.

4.3.1.

The effect of different cations on both the battery and the electrolysis reactions can be
seen in cyclic voltammetry (CV) scans using a RDE setup. A detailed schematic of the
setup is shown in Appendix B, Figure B.4. The electrode material is dropcasted using a
binder, which can result in (partial) coverage of the active material by the binder itself.
Additionally, during the CV experiments, some of the dropcasted material can detach
from the electrode surface due to bubble formation. This makes it difficult to relate the
amount of electrode material dropcasted on the GC electrode to the actual amount of
active material. To provide a comparable measurement between different electrolyte
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compositions, the total amount of active material is calculated using the total charge of
the nickel hydroxide reduction peak.

Four different concentrations of each alkali cation in KOH were tested, and the re-
sults of the experiments with the highest MOH concentrations (1.0 M MOH + 5.5 M KOH)
are shown in Figure 1. The total data set of cyclic voltammograms with different MOH
concentrations is included in Appendix B, Figure B.1. Although iron incorporations in
the nickel material will affect the electrochemical performance of the anode, they are
considered to be uniform across all measurements as the electrode material contains 0.1
wt% iron (see Table B.2). Therefore we hypothesize that iron inclusions from electrolyte
impurities will have a negligible effect.

On the basis of the CVs shown in Figure 4.1, we can determine the effect of the elec-
trolyte composition on both the battery and the electrolyser functionalities of the nickel
hydroxide electrode. The peak potentials for both Ni(OH), oxidation and NiOOH reduc-
tion are used to determine the effect of adding specific alkali metal cations on the battery
functionality, as these potentials are key performance indicators for the charging and the
discharging reactions. This is due to the fact that a decrease in the potential difference
between the Ni(OH), oxidation and

400

——65MKOH ' ) )
5.5M KOH + 1M LiOH
300 ——55MKOH + 1M NaOH
—— 5 5M KOH + 1M RbOH
—— 5 5M KOH + 1M CsOH
200 f :

100

Current Density (mA/mg)

-100

1,0 1.1 1.2 13 14 15 186

E-iR (V vs. RHE)

Figure 4.1: Cyclic voltammograms of Ni(OH), material deposited on a GC electrode recorded in different elec-
trolytes with a total OH- concentration of 6.5 M. Measurements were performed using an RDE setup with a
rotation speed of 1600 rpm and the voltammograms were recorded at scan rate of 20 mVs~L. Five cycles were
performed, and the figure shows the third cycle for all electrolyte compositions. The currents are normalized
by milligrams of Ni(OH); electrocatalyst present for the sake of comparison.

NiOOH reduction peak potential indicates a higher voltaic efficiency for the battery
functionality.

In Figure 4.1 we see that the addition of different alkali metal cations has different
effects on the Ni(OH),/NiOOH redox potentials. In the presence of Li* and Rb* a lower
oxidation potential is observed, with respect to a pure KOH electrolyte, while the highest
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reduction potentials are observed in the presence of Li*, Rb* and in a pure KOH elec-
trolyte.

To investigate the effect of alkali metal cation additions on the OER activity in con-
centrated hydroxide electrolytes, we compare the potential necessary to reach a current
density of 200 mA/mg. In Figure we can clearly observe that these potentials are
dependent on the presence of the alkali cations in the electrolyte. In these highly con-
centrated electrolytes the trend for OER activity, comparing the potential necessary to
reach 200 mA/mg, is Rb* > Cs* > Na* > Li*. It is important to note that the majority of
the electrolyte for all these experiments is composed of KOH, and only a fraction of the
cations present stem from the MOH additions. The trend we observe in concentrated
solutions is similar to the trends observed in low concentration electrolytes, where the
trend for OER activity is reported to be Cs* > Na* > K* > Li*[30].

A summary of the CV characteristics, including peak oxidation and reduction poten-
tial and OER potential of all the alkali metal cation concentrations tested is shown in Fig-
ure 4.2. To improve battery functionality the peak oxidation potential (purple) should be
as low as possible, and the peak reduction potential (green) should be as high as possible.
This will result in the lowest charging potential and the highest discharging potential. To
increase gas production, the potential at which OER happens (blue) should be as low as
possible.

The mixture with the most favorable onset potential for OER is 1 M of RbOH and 5.5
M KOH. The addition of Rb* shows a proportional trend in the peak oxidation and reduc-
tion potentials of Ni(OH), /NiOOH and OER potential with respect to concentration,
meaning that an increase in Rb* concentration will result in an increase in the poten-
tial at which the discharging reaction takes place and a decrease in the potentials of the
charging reaction and OER. For Li* mixtures a similar trend is observed for the peak oxi-
dation and reduction potentials of Ni(OH), /NiOOH, however the OER potentials remain
rather constant at different Li* concentrations. The OER potentials for the Li* mixtures
are the highest in comparison to the mixtures with other alkali cation mixtures, indicat-
ing that Li* additions have a negative effect on the OER activity of the NiOOH electrode.

This is in agreement with earlier work in low concentration hydroxide electrolytes[20].
The increase in concentration of Na+ does not result in a proportional difference in the
redox potentials or OER potential. For CsOH additions an increase in the peak oxidation
potential is observed with increasing Cs* concentrations, while both the peak reduction
potential and OER potential are relatively constant and are not affected by the concen-
tration of CsOH added.

Overall, the data shows how the addition of different concentrations of alkali metal
cations can be used to tune the reactions happening, both for the battery functional-
ity and the electrolysis functionality of a nickel electrode. In an integrated device the
modification of the electrolyte composition can be used to alter the ratio of the differ-
ent products, battery storage and hydrogen production. Taking the results of Figure
into account, LiOH, RbOH, and CsOH additions seem to be the most suitable to inte-
grate both technologies, because they allow for a higher voltaic battery efficiency, and
depending on the alkali metal cation concentration, can also result in a lower potential
for the OER, depending on the concentration.

It is reported that the a/y phases of Ni(OH), /NiOOH have a higher onset potential
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Figure 4.2: Peak oxidation (red) and reduction (green) potential of the Ni(OH)2 /NiOOH redox couple and the
potential at which 200 mA/mg for OER (blue) is reached for different electrolyte compositions. (a) LiOH, (b)
NaOH, (c) RbOH, and (d) CsOH additions to a KOH electrolyte. Data from cyclic voltammograms of a Ni(OH)»
film deposited on a GC-RDE at 1600 rpm.

for OER[22][31][32][33]. It is therefore possible that the Li* cations can intercalate in
the nickel layered hydroxide structure and stabilize the a/y phases. This could further
explain the difference in the catalytic activity of OER reported by Garcia et. al[20], where
there is a different behavior at higher potentials with Li* and K* electrolyte than with
Cs* and Na* at low concentrations. In their results this is shown in a different slope
during LSVs with the different cations, where Li* and K* behave differently than Cs* and
Na*. In highly concentrated, pure KOH electrolytes, Cappadonia et al. found that §-
Ni(OH); is more stable than a-Ni(OH);, and that the a phase will transform into the 3
phase over time[32]. We believe that the presence of specific alkali metal cations, namely
Li* because of its smaller size, can stabilize the a/y phase in highly alkaline electrolyte
solutions. Even small additions of Li* result in a consistently modified electrochemical
behavior. The resulting lower OER activity coincides with the stabilization of a/y phases
of Ni(OH), /NiOOH, where Li* additions result in a higher onset potential for OER.

Although the RDE experiments provide information on both the battery and the elec-
trolyser functionalities, the amount of material on the surface is small. Therefore, to test
the long-term effects of alkali metal cation additions and to better mimic the effects on
the integration of both electrolysis and battery charging/discharging reactions, further
experiments were performed in battery setups to determine whether these effects are
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also observed during longer time battery cycling experiments.

4.3.2.
To compare the results of long-term battery cycling experiments, the discharge capacity
of each battery cycle has been calculated. First, the batteries electrodes were condi-
tioned for 30 cycles in 5 M KOH. Then, 30 additional charging/discharging cycles were
run with the electrolytes detailed in Table 4.1. Finally, 30 cycles in 5 M KOH were run
after the cycles with electrolyte mixtures to determine if the effect of the alkali metal
cation is only present when the cation is present in the electrolyte solution. The last cy-
cle (cycle number 30) of each step in the protocol is shown in Appendix B, Figure
for all 16 batteries. Changes in the battery capacity after the charging/discharging cycles
in a 5 M KOH electrolyte and in the electrolyte mixtures are shown in Figure 4.3. The
discharge capacity of each battery in the last cycle of the activation phase was used as
a reference point and the discharge capacity of each battery in the relevant electrolyte
was compared to the reference point. All changes in the battery capacity are given as
percentages. Increasing the concentration of both Li* and Rb* leads to lower increases
in battery capacity. For Cs* mixtures this is not the case as the battery capacity remains
constant with 0.05 M Cs* in the electrolyte and increases only with higher Cs* concentra-
tions. The findings of the battery tests coincide with the findings of the RDE experiments
where Li* presented a low peak oxidation potential and a high peak reduction potential,
together with a lower OER activity.

Only with the addition of LiOH, in all concentrations except the lowest (0.05 M LiOH
+ 6.45 M KOH), does the capacity not decrease after flushing the batteries and replac-
ing the electrolyte by a pure KOH solution. This indicates that the addition of LiOH in
the electrolyte brings about a permanent change in the electrode materials. The effect
of the Li* addition can be seen up to 30 cycles after it is removed from the electrolyte.
Thereby, Li* additions improve the battery capacity even after the Li* has been removed
from the electrolyte. Although some of the other cations have a positive effects on the
battery discharge capacity, this is only the case with the cation present in the electrolyte.
For the other cations, in particular Rb* and Cs*, the increased battery capacity starts to
lower in the first cycle where the electrolyte is changed, but drops off considerably after
approximately 20 cycles.

There is little information on the effect of Li* in NiFe batteries reported in literature.
Lei et al. report that the use of LiOH in KOH electrolyte enhances the dissolution of iron
in the electrolyte, therefore increasing Fe crossover in the battery cell. They attribute this
increased capacity to the formation of porous iron structures in the negative electrode
due to Li* incorporation[34]. Posada and Hall also report an increase in the performance
of the battery with the addition of LiOH[35]. Hills confirms that an increase in the effi-
ciency of the nickel oxide electrode is the cause of the enhanced performance in batter-
ies containing LiOH in the electrolyte, possibly due to a change in the conductivity[36].
Here we have shown that the addition of Li* brings about a permanent change in the ca-
pacity of the nickel electrode. This is a strong indication that Li* is intercalated into the
nickel electrode, stabilizing the a/y phases that have higher average oxidation states.

It has been shown that the standard electrode potentials of the Ni(OH), /NiOOH re-
dox couple can shift due to the organization of the lattice structure in both a/y and B/
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Figure 4.3: Changes in the discharge capacity after 30 subsequent charging/discharging cycles in 5 M KOH
(activation), electrolyte mixtures (MOH electrolyte) and 5 M KOH (after MOH). The discharge capacity of the
last cycle of each phase is calculated and compared to the capacity after activation of each individual battery.
Changes in the discharge capacity are displayed as percentages with respect to the activation phase as refer-
ences. The figures shows electrolytes containing: (a) LiOH, (b) NaOH, (c) RbOH, and (d) CsOH additions to a
KOH electrolyte.

systems[22]. Therefore, it is possible that by including the cations in long-term cycling
of the battery, the lattice parameters are stabilized and organized in a specific way. The
Y-NiOOH phase has a larger interspatial sheet distance due to the presence of additional
water and alkali metal cations. Furthermore, it has a higher average oxidation state,
which would explain the larger battery capacity obtained. It is reported that the up-
take of alkali metal cations is expected in the y-NiOOH phase and not in the -NiOOH
phase[22]. Therefore, by adding a small percentage of LiOH to the KOH electrolyte the
a/y phase is stabilized resulting in a higher battery capacity. As shown by the RDE ex-
periments the stabilization of this phase does not significantly increase the potential at
which oxygen is evolved. Our results indicate that there is an optimal cation concentra-
tion for the stabilization of the a/y phase, leading to concentration dependent increases
in battery capacity. The interaction of Li* with the NiOOH phases is strong, as the addi-
tion of Li* brings about a permanent change in the electrode, indicating that Li* is not
leached out of the electrode during charging/discharging cycles.

4.3.3.

Since the battolyser functions as both a battery and an electrolyser it is also important to
investigate the potential at which water electrolysis takes place with the addition of these
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cations. For optimizing a hybrid application, such as the battolyser, positive effects on
the battery capacity can be counteracted by an increase in the potential for water split-
ting, as the energy efficiency of the application is dependent on both functionalities. To
determine the cell potential at which water electrolysis occurs in the integrated device,
thelast 5 cycles of the experiments with different MOH concentrations added to the KOH
electrolyte are taken into account. The highest potential of the charging plateau from the
last 5 cycles are averaged to determine the average potential at which gas evolution hap-
pens. Figure 4.4 indicates the average cell potentials at which water electrolysis occurs,
and the error bars indicate the deviation of these values over the last 5 cycles.

The data in Figure 4.4 indicates that for high concentrations of LiOH and NaOH (1
M and 0.5 M Li*, 1 M Na*) the potential for gas evolution is indeed significantly higher
than that for pure KOH. The decrease in potential with decreasing MOH concentration
is very closely related to the an increase in the overall conductivity of the electrolyte,
the electrolyte mixture had a 6.5 M MOH concentration while the benchmark is a 5 M
KOH electrolyte used for the activation cycles. Therefore, we mainly observe that the
gas evolution functionality increases when the conductivity of the solution results in a
decreased gas evolution potential.
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Figure 4.4: Cell potentials at which gas evolution (Hz and O3 evolution) occurs after full charging NiFe batteries
for 17 different electrolyte compositions at a 2 A charging current. Average values of 5 cycles are presented,
where the error bars indicate the maximum and minimum values of the 5 last cycles.

With regards to electrolyser functionality and optimizing the amount of hydrogen
produced, we look to reduce the cell potential for gas evolution. Therefore, in this case,
taking into account the data from RDE and battery cycling, the lower concentrations of
alkali metal cation additions are beneficial. Regarding the NiFe battery functionality and
the widespread use of LiOH in high concentrations, we have shown that the Li* additions
increase battery capacity and in high concentrations will increase the onset potential for
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gas evolution. Therefore, to optimize the battery functionality high concentrations of
LiOH are beneficial.

For the integrated device it is important to optimize including the trade-offs of the
combined effects. Therefore, LiOH additions seem promising, since they result in higher
battery capacity. These additions should be kept in the low concentrations, as increas-
ing the LiOH will only decrease the electrolyte conductivity and will result in a higher
onset potential for gas evolution. In this way, both functionalities can be integrated and
the battolyser device can combine both battery and electrolysis functionalities. Interest-
ingly, 0.05 M RbOH additions also display a large increase in the battery capacity, even
surpassing the effect of LiOH additions. The cell potential necessary for gas evolutions
with a 0.05 M RbOH addition is however slightly higher than the cell potential with a
0.05 M LiOH addition. This indicates that these RbOH additions are preferred when op-
timizing for battery capacity, while LiOH additions are preferred when optimizing for
gas evolution. It should be noted however that Li* additions will be less costly than Rb*
additions if used for larger scale applications. Overall, we conclude that the electrolytes
that should be used to provide optimum energy efficiencies for this integrated device
are either a 0.05 M LiOH + 6.45 M KOH electrolyte or a 0.05 M RbOH + 6.45 M KOH elec-
trolyte, since these will result in the highest battery capacity and the lowest cell potential
for gas evolution.

4.4.

Here, we have investigated the effect of alkali hydroxide additions to concentrated KOH
electrolytes on the OER performance and battery capacity of nickel electrodes. We show
that the addition of different metal alkali cations has an effect on the electrochemical
performance of the nickel electrode, both with regards to battery capacity and OER ac-
tivity. For OER activity, the trend found during RDE setup experiments in high con-
centration hydroxide electrolytes is Rb*>Cs* >K*>Na*>Li*. This is possibly due to the
size effect of the different cations, as smaller cations, such as Li*, can intercalate in the
NiOOH-LDH and stabilize the y-NiOOH phase. This results in a higher onset poten-
tial for OER. For the larger cations, Rb* and Cs*, we find that only large additions (of
1 M or 0.5 M) cause a significant decrease in OER potential. The intercalation of small
cations also causes an increase in battery electrode capacity because of the higher av-
erage valence of the Ni(OH), /NiOOH a/y pair. Small concentrations of Li* added to a
concentrated KOH electrolyte can therefore be beneficial for the nickel electrode battery
functionality and for an integrated battery and electrolyser system, where it increases
the battery capacity without a significant increase in OER onset potential Further exper-
iments with NiFe batteries at longer time scales show that the effect of lithium inclusions
in the nickel electrode are still present in the battery capacity for at least 30 cycles after
the electrolyte has been changed to pure KOH. For an integrated device, with both bat-
tery and electrolyser functionality, we find that the optimum electrolytes are either a 0.05
M LiOH + 6.45 M KOH electrolyte or a 0.05 M RbOH + 6.45 M KOH electrolyte, as these
result in a higher battery capacity and lowest cell potentials for gas evolution.
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5.1.

NCREASINGLY ambitious EU net-zero emissions targets, together with worldwide pop-

ulation growth requires a widespread increase in renewable energy penetration. To
increase the percentage of renewables in the grid, new technological developments in
large-scale energy storage are required [1][2][3]. Currently, there are many electrochem-
ical energy storage technologies that could potentially supply this need. These technolo-
gies include flow batteries, fuel cells, and electrolysers[4][5][6].

Batteries can be used to bridge the gap between renewable energy production and
short term storage capacity, while hydrogen can be used for longer-term storage. An
integrated battery and electrolyser system can combine both long-term and short-term
storage capacity[7] [8].

The battolyser -an integrated battery and electrolyser system- functions as a battery
during charging, and when fully charged splits water from the KOH electrolyte, func-
tioning as an alkaline electrolyser. The NiOOH and Fe electrodes act as OER and HER
catalysts when fully charged.

The integration of both technologies presents an optimization exercise, as both elec-
trolysers and batteries are operated at specific conditions. One conflicting operating
parameter is the use of electrolyte flow on the electrode surface. Batteries typically do
not use electrolyte flow, however most electrolysers integrate electrolyte flow into the
system. Specifically in alkaline water electrolysis, the major efficiency losses are due to
the presence of bubbles on the surface of the electrodes[9]. One way to avoid bubble
accumulation is to include convection in the electrolyte gap. Therefore, the use of flow
field patterns can benefit bubble removal, mass transfer limitations, product removal,
and heat management[10]. As the electrodes of the battolyser are thick and porous, in-
cluding flow could facilitate charge and discharge processes in the active material of the
battery, increasing mass transfer mechanisms inside the electrodes. In the electrolyser
mode, adding electrolyte flow could benefit in bubble mitigation, minimizing losses typ-
ically seen in alkaline electrolysers.

The design of the flow field patterns determines the current distribution and the
pressure drop in the cell. Serpentine channels are typically used to evenly distribute
the reacting fluid, however they can cause stagnation when cross flow occurs. Nagai et
al[11] studied the optimum electrode gap for alkaline electrolysis in no flow conditions.
They report an optimum gap thickness of 1-2 mm in alkaline electrolysis setups. When
using flow, the optimum inter-electrode gap decreases significantly. The electrode gap
has an inverse proportionality with the electrolyte flow rate[12].

Flow field designs including serpentine flow fields (SFF), parallel flow fields (PFF) and
interdigitated flow fields (IFF), as shown in Figure5.3 have been investigated to improve
the performance of redox flow batteries[10]. 3D printing has been used in other studies
because of the ability of rapid prototyping of different cell configurations[13]. Here, we
have used 3D printed prototypes to design and build a flow setup to study the effect of
serpentine flow field and parallel flow fields on an integrated battery and electrolyser
system.
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5.2.
5.2.1.

The experimental flow cell was designed to for flexible operation of different flow fields
and flow rates. Five essential requirements for an optimal operation include:

To provide a uniform distribution of the reactants and products over the active
electrode surface

High mechanical strength for stack integrity
Impermeability to product gases
Chemical resistance to highly concentrated KOH electrolyte

Resistance to corrosion and long lifetime

A flow cell was designed, prototyped, and built to test different flow field patterns (FFP).
The initial designs were made in SolidWorks and prototyped by 3D printing. A proto-
type is made using the 3D printing technology Low Force Sterolithography (LFS) using a
Clear V4 resin that allows for 0.1 mm precision. A Formlabs Form 3+ SLA Printer was used
which allows for rapid iterations of design modifications to develop a prototype cell. Af-
ter the design was tested and modified to avoid leakages, a final cell was manufactured
in PMMA. PMMA was chosen because of its high stability in highly concentrated KOH
solutions. The design was modified slightly to make it possible to machine in PMMA,
as the precision is larger than the 3D printing precision. 1 mm silicone gaskets are fit
to avoid leakage. The electrodes are connected with nickel wire (ALFA 0.5mm diameter,
annealed, 99.98% (metals basis)) and epoxy (RESION Resin Technology EP101) is used
to avoid leakage through the electric connections.

The cell is a stack of plates, including gaskets between every plate and put together
with pressure from bolts on 6 points.
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Figure 5.1: Schematic view of the flow cell designed and built for this study, (a) exploded view of the serpentine
flow field design and (b) stacked cell.
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The cell consists of 6 frames: 2 end plates, 2 electrode frames, and 2 flow field plates.
Drawings of the designed plates are presented in Appendix A. Three different flow field
plates are fabricated: a serpentine, parallel and free flow field. Each FFP has an inlet and
outlet connection on the side. The size of each flow field plate is defined by the size of the
commercial electrodes available. Commercial Ni-Fe batteries used were purchased from
Ironcore Batteries. Dimensions of all the cell components are included in Appendix C.

5.2.2.
A peristaltic pump (RotaLab LongerPump BT100-1L Peristaltic Pump) was used to pump
the 5 M KOH (85%, Merck) in ultrapure water (MilliQ IQ 7000, 18.2 MQ) liquid electrolyte
through the cell. A BT Biologic Battery Charging station (type) was used to provide the
current to perform the charge/discharge cycles. The electrodes were tested before as-
sembly and a typical charge/discharge cycle is presented in Appendix

Three different flow field plates were tested at three different flow rates and at no flow.
The flow plates were filled with 200 ml electrolyte and pumping started before charging
and discharging the battery electrodes. The amount of hydrogen gas produced during
the measurement was not measured.

5.3.

5.3.1.

Preliminary COMSOL Multiphysics simulations to determine the effect of electrolyte
flow on the battolyser device indicated that the benefits of including flow were relatively
small. The model is comprehensively described in Chapter 3 of this thesis. However,
the limitations of the study were considerable, as the model solves only for 1 dimension
cutting across the electrodes and the gap, across the thickness of the cell.

One of the design limitations to enable flow in the battolyser setup is the necessity
to include a thicker electrolyte gap. This will result in a high ohmic drop through the
gap, thereby increasing the cell potentials. The effect of the Zirfon PERL membrane can
be seen in Figure 5.2, where a measurement with one empty FFP with no separator is
compared to a measurement with an empty FFP with a separator. Using the separator
results in a higher discharge potential than the standard setup with the separator. Pos-
sible explanations for the higher resistance than reported for highly conductive Zirfon
membranes|14] are unevent current distribution and the presence of bubbles.

The effect of the electrolyte gap is constant in all the flow field setups as all the FFPs
have the same thickness. However, this has to be taken into account when comparing
the results with a no-gap or smaller gap cell.

5.3.2.

When comparing the different flow field designs it is important to take into account the
different shadowed area. Ideally the design of all the flow fields would be on the same
shadowed area plates. However, in practice this is not possible. To allow for machining
and physical stability of the flow field plates, the shadowed area, the area where PMMA
material separates one electrode from the other, is different when switching from one
plate to another. Therefore, it is important to mention that the FFPs allow for a different
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Figure 5.2: Charge/discharge curve of the battolyser flow setup with one empty FFP vs. 2 empty FFPs and a ﬂ
separator.

effective electrode area. This can be clearly seen in Figure 5.4, from which the open area
is calculated. Therefore, comparing the charging and discharging potential might not be
straightforward.

(c)

Q

Figure 5.3: Schematic view of the flow field pattern (FFP) designs; a) Serpentine pattern, b) Parallel pattern, c)
Empty pattern.

As the batteries are charged and discharged at a constant current, it is challenging
to compare the effects of the changing effective electrode area. Although all 3 runs were
done with the same electrode that had been activated and with the same battery capac-
ity, they do not reach the electrolysis potential for all three. Further experiments could be
run at a constant potential to study the effects of current relative to the effective electrode
area. With the data measured, it is challenging to compare the FFPs among themselves.
However, we can compare the different flow field velocities chosen in a specific flow field
plate. From Figure 5.2 it is clear that there is a linear relationship relating shadowed area
and charge/discharge potential, which is related to the efficiency of the device. In an
ideal situation, to avoid charging and discharging losses, we want to charge the device at
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the lowest possible potential and discharge at the highest possible potential. Because of
the kinetic limitations, charge and discharge will never be at the same potential, but to
optimize the energetic efficiency, the aim is to get as close as possible. Furthermore, the
potential of the highest point in the charging curve is related to the potential at which
hydrogen gas is produced, and therefore we would also like to maintain this value as low
as possible. This is more closely linked to the overpotentials related to the kinetics of the
battery material towards oxygen evolution.

. '—I—éerpemt\'ﬂe FFP
18k L —a— Parallel FFP
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00 05 10 15 20 25 30 35
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Figure 5.4: Charge/discharge curve of the battolyser flow setup with different FFPs without flow.

5.3.3.

If we compare the empty flow field pattern, which has the lowest relative shadowed area
we see that there is a small advantage in the discharge potential when using a flow field.
In Figure 5.5 we see that there is only a small difference among the three different flow
speeds, however, the charging potential is higher for the experimental runs that include
flow. It is possible that the production of gas bubbles during the charging process causes
enough convective flow to avoid concentration overpotentials, and therefore there is no
added benefit during charging when using flow. However, this effect is lost during the
discharging stage, and therefore we observe a small benefit in the discharging potentials
when using any speed of flow.

From Figure we can see that for both the serpentine flow field pattern and the
parallel flow field pattern there is no noticeable difference with flow and without. It is
possible that the ohmic losses, because of the large gap added to the high percentage of
shadowed area, are the major contributions for losses in the cell. Therefore, it is not pos-
sible to observe any benefit from flowing the electrolyte and developing a more constant
concentration throughout the electrode gap. Because of this it is necessary to further de-
velop more optimized cells to test different flow conditions. Further experiments should
be done where the gap thickness and the shadowed area by the FFPs are not the major
contributors to loss mechanisms in the charge/discharge process. To do this, it is nec-
essary to totally redesign the cell and reposition the inlet and outlet streams so that the
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Figure 5.5: Charge/discharge curve of the battolyser flow setup with the Empty flow field pattern at different
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Figure 5.6: Charge/discharge curve of the battolyser flow setup with the (a) serpentine and (b) parallel flow
field pattern at different flow field rates.

Cross flow can be another limitation in the battolyser setup. Because of the highly
porous electrode materials, it is possible that at high pressure drops the electrolyte flows
through the electrodes across the cell. This can result in stagnation in the serpentine and
parallel flow channels. Cross flow would happen when electrolyte can flow through the
electrode, from the back side toward the gap. This would interfere with bubble formation
and cause high pressure drops across the whole system.

In Figure 5.7 we can see that even only one FFP with no membrane is too large of a
gap to observe the effect of different flow field speeds. Although not many differences
can be observed, we see a drop in battery capacity at the higher flow speeds. To further
understand the effect of flow and how different flow fields affect both the battery and the
electrolyser function, a new setup has to be designed. Because of this, the setup has to
be replaced and modifed to allow for a smaller gap.
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Figure 5.7: Charge/discharge curve of the battolyser flow setup with the serpentine flow field pattern at differ-
ent flow field rates with one serpentine FFP and no membrane.

5.4.

One of the major conclusions is that it is important to have comparable effective areas in
different configurations to compare the effect at different conditions. This might be dif-
ficult to achieve in the current setup, but could be designed for in future experiments. To
achieve comparable charge and discharge curves, similar current densities per effective
area are required. Furthermore, it would be interesting to study gas production, as this
could include more details on what is happening in the setup. In 5.4, we observe that
although these electrodes were charged for the same amount of time and at the same
current, they have not all reached the plateau at which gas evolution takes place. If the
experimental setup allowed for gas collection we could confirm this is the case. Other
observations that can affect current distribution in the cell include gas buildup and liq-
uid levels in the cell. Gas buildup is not expected in a gap as large as the one present in
the cell designed, however, it is possible that inside the electrodes bubbles have accumu-
lated and limit the active surface area, affecting the current density and thus the reaction
rate. Liquid levels in the cell proved to be difficult to stabilize, and at some flow speeds
varied significantly. This can affect the active surface area, causing an increase in poten-
tial. Although the preliminary experiments cannot be used to bring about conclusions
on the basis of this study, they serve as a starting point to develop further experiments
that can help elucidate the combined effects on an integrated device. Some of the rec-
ommendations for future experiments include the following.

5.4.1.

More experiments are necessary to further dive into the effects of liquid flow in the Bat-
tolyser setup. This setup has some technical limitations, such as the large ohmic gap
and the electrode contacts that have to be addressed to further study the effect of the
flow field on the battery charge/discharge processes. The limitations of the thickness
of the plates come from the fittings used to provide electrolyte flow. As these are the
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smallest fittings, the flow plates cannot be made thinner. The setup has to be completely
redesigned, where the electrolyte flow is connected in a different way to the setup. Be-
cause of the thickness of the electrodes, the connection was not put on the end plates,
however this might be the only alternative. In the future, it would be ideal to measure
gas production during charging and discharging.

Furthermore, the flow of highly alkaline electrolyte is hazardous, and it was difficult
to obtain a leak-tight cell. As this setup is quite bigger than typically bench-scale exper-
iments, the amount of highly concentrated KOH is significantly larger. If this could be
done in a safer way for lab users it would be beneficial. It would also improve the qual-
ity of the study to quantify the gases produced, and detail the coulombic and energetic
efficiency of the device, including the energy requirements of the pump.

A more detailed model, including the effects of bubbles and two phase flow could
provide some more details on the effects of flow in thick battery electrodes.
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6.1.

In this dissertation, a combined experimental and modelling approach has been devel-
oped to further study and understand the working parameters of an integrated battery
and electrolyser device. Parameters including the cell design and setup were optimized
by means of a COMSOL Multiphysics 1D model. Further experimental studies include
the effect of different alkali metal cations in the electrolyte to further optimize the in-
tegrated device. A final study on the effect of flow fields and flow velocities provides a
starting point for further experiments to better understand the effect on the integration
of both functionalities, namely electrolysis and battery storage.

In Chapter 3, a model was developed to optimize the unit cell energy efficiency of the
battolyser. The model includes the electrochemical reactions related to battery charging
and discharging, electrochemical reactions of hydrogen and oxygen production, trans-
port mechanisms through the electrolyte gap, membrane and porous electrodes, and ef-
fective diffusivity and conductivity inside the porous electrodes. We validated the model
with experimental results. Using the simulation results we showed that the optimum
electrode thickness is smaller than that of the commercial Ni-Fe battery electrodes used,
0.75 times the commercial electrode thickness, corresponding to an electrode thickness
of 3 mm for the nickel electrode and 2.25 mm for the iron electrode. Optimizing for the
porosity of the electrodes we found that the optimum range of electrode void fraction
lies between 0.15 — 0.35. Both modifications result in a combined overall efficiency of
86%, compared to a base-case efficiency of 80%.

The electronic resistance from the electrode material and battery capacity are the
main limitations of the battolyser design. Battery electrodes are comparatively orders
of magnitude thicker than those used in alkaline electrolysis. Therefore, the optimiza-
tion of the integrated device is a complex process with many trade-offs and depends on
application demands. Depending on the application profile of the device and the main
product required — being hydrogen or electricity — the system can easily be optimized by
running these simulations.

For a combined approach where both battery storage and hydrogen production are
used, an optimized cell design was obtained by modifying the electrode thickness and
porosity. Electrolyte conductivity and gap width were also optimized. However, due to
the high ionic conductivity of the electrolyte and limited current density, the effect is
negligible.

In Chapter 4, we have investigated the effect of alkali hydroxide additions to con-
centrated KOH electrolytes on the OER performance and battery capacity of nickel elec-
trodes. We show that the addition of different metal alkali cations has an effect on the
electrochemical performance of the nickel electrode, both with regards to battery capac-
ity and OER activity. For OER activity, the trend found during RDE setup experiments in
high concentration hydroxide electrolytes is Rb*>Cs* >K*>Na*>Li*. This is possibly due
to the size effect of the different cations, as smaller cations, such as Li*, can intercalate
in the NiOOH-LDH and stabilize the y-NiOOH phase. This results in a higher onset po-
tential for OER. For the larger cations, Rb* and Cs*, we find that only large additions (of
1 M or 0.5 M) cause a significant decrease in OER potential.

The intercalation of small cations also causes an increase in battery electrode capac-
ity because of the higher average valence of the Ni(OH), /NiOOH a/y pair. Small con-
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centrations of Li* added to a concentrated KOH electrolyte can therefore be beneficial
for the nickel electrode battery functionality and for an integrated battery and electrol-
yser system, where it increases the battery capacity without a significant increase in OER
onset potential. Further experiments with NiFe batteries at longer time scales show that
the effect of lithium inclusions in the nickel electrode are still present in the battery ca-
pacity for at least 30 cycles after the electrolyte has been changed to pure KOH.

For an integrated device, with both battery and electrolyser functionality, we find
that the optimum electrolytes are either a 0.05 M LiOH + 6.45 M KOH electrolyte or a
0.05 M RbOH + 6.45 M KOH electrolyte, as these result in a higher battery capacity and
lowest cell potentials for gas evolution.

Finally, in Chapter 5 a flow cell was designed and built by using 3D printing technol-
ogy for quick iterations of design modifications. Although the preliminary experiments
cannot be used to bring about conclusions on the basis of this study, they serve as a start-
ing point to develop further experiments that can help elucidate the combined effects on
an integrated device. Some of the recommendations for future experiments include the
following section.

6.2.

An integrated battery and electrolyser device presents the challenge of optimizing two
separate functionalities. Because of the two functionalities coexisting, the device can be
tailored to the specific application. Therefore, an upscaled battolyser will be dependent
on the application required. The studies performed for this dissertation provide a better
understanding of the operating parameters. Further experiments and recommendations
are detailed in this section.

The model developed is applicable to many different setups and can be tailored to
different operational parameters. At low current densities, it can be used to explain phe-
nomena and design an upscaled unit cell. Because of the simplifications and operation
at low current densities, the COMSOL Multiphysics 1D model developed is useful to un-
derstand the effect of cell parameters on the overall efficiency of the device. However, it
would be interesting to include 2, or even 3 dimensions in the study to study the effects
of fluid dynamics and bubbles. At high current densities, bubbles can generate addi-
tional resistance on the surface of the electrodes, and would therefore be important to
include. The disadvantage of this is that the model would be computationally very ex-
pensive, and running simulations would take considerable amounts of time. However,
including bubble effects in the model could further explain the effects of gap thickness
and provide insight for further optimization.

The addition of alkali metal cations in highly concentrated electrolytes in concen-
trated KOH was studied here. Further experiments including in-situ surface enhanced
Raman could help explain the effects of the Ni(OH), /NiOOH crystal structure and how
the alkali metal cations interact. Regarding the large-scale battery experiments, long-
term experiments including gas production could provide more information on the en-
ergetic efficiency of the setup and the effect of the electrolyte here.

More experiments are necessary to further dive into the effects of liquid flow in the
Battolyser setup. This setup has some technical limitations, such as the large ohmic gap
and the electrode contacts that have to be addressed to further study the effect of the
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flow field on the battery charge/discharge processes. The limitations of the thickness
of the plates come from the fittings used to provide electrolyte flow. As these are the
smallest fittings, the flow plates cannot be made thinner. The setup has to be completely
redesigned, where the electrolyte flow is connected in a different way to the setup. Be-
cause of the thickness of the electrodes, the connection was not put on the end plates,
however this might be the only alternative.

Furthermore, the flow of highly alkaline electrolyte in a flow through design of the
battolyser is hazardous, and it was difficult to obtain a leak-tight cell. As this setup is
quite bigger than typically bench-scale experiments, the amount of highly concentrated
KOH is significantly larger. If this could be done in a safer way for lab users it would be
beneficial. It would also improve the quality of the study to quantify the gases produced,
and detail the coulombic and energetic efficiency of the device, including the energy
requirements of the pump.

Integrating the recommendations for Chapter 3 and Chapter 5 would be beneficial
for the optimization of a large-scale battolyser. A more detailed model, including the
effects of bubbles and two phase flow could provide some more details on the effects of
flow in thick battery electrodes.



A.l.

The kinetic and thermodynamic parameters that were used in the simulations are de-
tailed in this section.Further information on parameters that were measured experimen-
tally can be found in the following sections.

The kinetic and thermodynamic parameters of the Ni(OH), electrode are from Pax-
ton and Newman([1] and are presented in Table . Sinha [2] measured these kinetic
parameters in different electrolyte concentrations. Paxton and Newman took this data
and made a fit to the general Butler-Volmer equation to determine the average values.
These average values were used in the presented model.

Table A.1: Kinetic parameters for the battery charging reactions for Ni(OH), from [1].

io 1.04x107%A/cm?
g 0.13
@, 0.074

The equilibrium potential of Ni(OH), is taken as dependent on the state of charge
of the electrode. Conway and Gilead have shown that the nickel electrode is a mixed
potential electrode due to the effect of OER at higher states of charge[3].
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Figure A.1: Standard electrode potential of the nickel hydroxide positive electrode dependent on state of charge
of the battery[1].

The iron electrode, on the other hand is considered to have a constant potential
throughout the charging process and the material consists of two different phases with
a standard electrode potential of -0.164 V vs RHE. The kinetic parameters of the iron
electrode have been used to calculate the onset potential of the integrated battery and
electrolyser system, with an exchange current density of 0.003 A/m? and anodic and
cathode coefficients of 0.5.

The kinetic parameters of the gas production reactions are presented in Table

Table A.2: Kinetic parameters for the gas production reaction (OER and HER) on both electrodes.

OER HER
EY 1.23VvsRHE 0VvsRHE
ip  0.00005 A/m?> 0.0003 A/m?
a, 0.45 0.5
a. 0.5 0.5
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Table A.3: Parameter values used- base case scenario.

Parameter Value Units
Nickel electrode thickness 4 [mm]
Iron electrode thickness 3 [mm]
Gap thickness 3 [mm]
Membrane thickness 0.5 [mm]
Membrane porosity 0.5
Electrode porosity 0.5
Temperature 293.15 K]
Electrolyte concentration 5 [mol/L]
Electrolyte diffusion coefficient 3.75x107Y  [m2/s]
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A.2. SEM IMAGES OF ELECTRODE PARTICLES
SEM imaging and EDX were performed using a JEOL JSM 6500F microscope.

With regards to the nickel material used in the positive electrode, SEM images are
presented in Figure A.2(a). As can be seen in this Figure, the particle size distribution
is quite broad. Using EDX, the large particles are identified as graphitic carbon. The
graphite particles are approximately 5 times larger than the active material nickel parti-
cles. Nickel particle size ranges from 30 ym to only a few um. The average particle size
for the nickel material is 2.3 ym.

For the iron electrode presented in Figure A.2 (b), it can be observed that the iron
particle size distribution is more narrow. The larger particles in the image are graphitic
carbon, identified by EDX. The iron particles are more similar in size, and also smaller
than the nickel hydroxide particles in the nickel electrode. The average iron particle size
is 2 ym.

-

Figure A.2: SEM-SEI images of the active electrode material. (a) Nickel positive electrode material and (b) Iron
negative electrode material.
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XRD analysis was done using a Bruker D2 PHASER. The results were analyzed using the
DIFFRAC SUITE software package.

| |
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Figure A.3: . XRD analysis of the active electrode material. (a) Nickel positive electrode material, where the
red lines indicate the peaks associated with 3- Ni(OH)2 and the blue lines are related to graphitic carbon peaks
and (b) Iron negative electrode material, where the red lines indicate peaks associated with magnetite Fe304
and the blue lines are again related to the graphitic carbon content.

This confirms the main composition of the Nickel positive electrode material as graphite
and 3- Ni(OH);. The XRD diffraction pattern of the iron active material is presented in
Figure A.3. This confirms that there is also graphite present in the sample and the iron
material is present in magnetite (Fe304) form. This is due to a self-discharging mecha-
nism because of the stability of the material in air.
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A.4.

Brunauer-Emmett-Teller (BET) theory serves as the theoretical basis for a standard spe-
cific surface area measurement technique. The analysis uses multilayer adsorption with
probing gases that do not chemically react with the material surfaces to quantify the
specific surface area. Nitrogen was used, and therefore the analysis is conducted at the
boiling temperature of N,. A Gemini VII 2390p analyzer was used to perform this tech-
nique. The surface area was measured via BET analysis, and the adsorption isotherm is
presented in Figure A.4. This is a straight line as expected.
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Figure A.4: BET surface area plot for the nickel and iron materials.

For the nickel electrode material, the specific surface area obtained is 17.99 m?/g.
The BET surface area measured is approximately 50 times larger than the area calculated
for a packed bed of spherical particles with a diameter equal to the average particle.

For the iron electrode material, the specific surface area obtained is 0.88 m?/g. The
BET area calculated is less than two times as large as that of the theoretical calculation.
By this measurement, the iron active material is less porous than the nickel material.
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Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) was used as an
analytical technique to determine the elemental composition of a sample. Samples are
dissolved in H»O, and digested close to boiling point for 4 hours. Then the samples were
diluted in 3 v% HNOs. This liquid is injected in the form of aerosol into an argon plasma.
The plasma excites the atoms and ions, causing them to emit electromagnetic radiation
at a particular wavelength characteristic to a particular element. The intensity of the
emission is proportional to the concentration of the element.

The elemental composition of the active material inside the pockets was obtained by
ICP-OES analysis. The electrode pockets were opened and the compacted material was
extracted. The results are presented in Table

Table A.4: ICP-OES results for the nickel and iron electrode sample

Nickel Electrode  Iron Electrode
Element Mass percentage Mass percentage

[%] (%]
Fe 0.100 98.193
Ni 93.253 0.252
Al 0.012 0.032
SO, 2 0.146 0.191
Li 4.636 0.017
Na 4.636 1.094
7n 0.037 0.056
Si 0.062 0.065
PO, 2 0.102 0.046
cd 0.013 0.013
Sn 0.013 0.038
Ca 0.022 -
Ti - 0.004
Ba - 1.447

Due to the dilution process, carbon is not included in ICP-OES analysis results. The
nickel hydroxide positive electrode, as expected, is composed mainly of nickel. Some
iron is also present in the nickel electrode. This can be due to crossover during charging
and discharging cycles because of the solubility of iron in KOH. This is expected as the
sediment found in the bottom of the battery has a high mass percentage of iron. The
iron crossover can decrease the overpotential for oxygen evolution in NIOOH materi-
als[4]. Lithium and sodium can be present because of the use of LiOH and NaOH in the
KOH electrolyte during previous battery cycles. The role of different cations in the nickel
hydroxide structure is not yet well understood. Zn, Cd, and Sn are typical HER inhibitors,
and are believed to have been added to the iron electrode to avoid the secondary reac-
tion. Cadmium and cobalt are used as additives to the nickel hydroxide electrode to
increase the conductivity and the oxygen evolution potential.
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A.6. EXPERIMENTAL SETUP FOR VALIDATION

The experimental setup used for validation tests is composed of a commercial battery
setup. A schematic representation is presented in Figure A.5 (a).

©

(a] (b] [c]

Figure A.5: (a) Commercial battery setup including: 3 positive nickel electrodes (in green), 2 negative iron elec-
trodes (in grey), alkaline electrolyte and rubber separators (black) to avoid short-circuits. The cell is encased
in a plastic casing with metal connectors for the positive and negative electrodes. (b) Schematic of the reverse
burette experimental setup to measure the total gas production (c) Experimental setup used to measure total
gas production.

A schematic representation of the experimental setup used to measure gas produc-
tion is presented in Figure A.5 (b) and A.5 (c). Before the charging cycle the system was
flushed with Argon gas. After charging the battery, samples of the collected gas were
taken and the composition determined in a microGC. The microGC model is Varian
-GC CP4900, with a 1 m CP-COX column and a TCD detector. The carrier gas is Argon.

The volume of gas produced was measured every 15 minutes. The total gas produc-
tion results are shown in Figure A.6. The volumetric percentage of hydrogen in the gas
collected is 60% according to the measurement with a microGC.
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Figure A.6: Cell potential vs. elapsed time during a charging gas production cycle

During the first 6 hours of the measurement, when the cell potential is still increasing
the battery is charging. Therefore, the catalysts for HER/OER are still being produced in-
side the battery electrodes. After this time, the battolyser functions in electrolysis mode
and the total volume produced is expected to be linear, as shown in the measurement
above.

The relationship between total gas produced versus elapsed time is only linear when
the battery is fully charged and the amount of gas produced is constant. Therefore, be-
fore the time when the electrodes are fully charged the relationship is not expected to be
linear, as the catalysts for HER/OER are being produced on both electrodes.
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A.7.

To further validate the model results, different simulations were run at different current

densities. These are compared to experimental measurements at the same charge/discharge

currents.

These results are presented below for inserted charge of 1.5 A, 2 A, and 4 A. Discharge
was performed at the same current, but in the opposite direction.

Cell Potential [+]

Ceall Potential [\]
Cell Potential [V]

=0
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[a] Elapsed time [h] [b] Elapsed time [H] [c] Elapsed time [h]

Figure A.7: Cell potential vs. elapsed time during a charging gas production cycle at (a) 1.5A (b) 2A and (c) 4A.

Generally speaking, the onset potential of the battery charging is fairly constant in ex-
periments but strongly dependent on current density in the simulations. The parameters
were fit to the 2A current as this is the rated current for the batteries. Further optimiza-
tion simulations were run at the equivalent for 2A in a 2 electrode system since this is
the rated current recommended by the battery manufacturer. Validation measurements
at higher current densities are carried out only to determine whether the variations are
significant.

The onset potential of HER/OER is accurate on all 3 experimental sets, and compa-
rable to the simulation results. Furthermore, the battery capacity is estimated well for all
3 current values.

The discharging potential is overestimated for the 1.5 A measurement and underesti-
mated for the 4 A results. This, together with the overestimation of the onset potential of
the battery charging leads us to think that the ohmic drop might be higher in the model
than in the experimental cell. As you increase the current the ohmic losses would in-
crease disproportionately, resulting in a mismatch of potential. This can be due to the
assumption that parameters such as the porosity and surface area are considered not to
scale with SoC.

However, all 3 results are adequate to proceed with the optimization scenarios, as the
simulated gas production values and the efficiency results at the rated charging current
are accurate and comparable to the experimental results.
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Gap thickness

The gap thickness was multiplied by a scaling factor to study the effect on battery and
total efficiency In Figure (a) it can be seen how battery efficiency and total efficiency
increase until the gap thickness is double the starting dimension of 3 mm on each side
of the membrane. Because the products of the secondary reactions, namely H, and O,
are produced in a gaseous state, the effect of product accumulation should be further
studied. Furthermore, bubble accumulation and its effect on fluid dynamics will play a
role in determining the optimal gap thickness for the battolyser.

Ohmic losses increase as the gap thickness increases, however this will also allow
for bubble removal and more turbulent flow due to bubble movement. Since battery
capacity and hydrogen production does not increase considerably, 3 mm gap thickness
is chosen, but must be further studied to determine if a larger gap is beneficial. Barton et
al. discuss the effect of increasing the gap thickness on the total ohmic losses in a similar
battolyser cell[5].
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Figure A.8: (a) Battery and total integrated efficiency with respect to a scaling factor that multiplies the gap
thickness (b) Battery capacity and total hydrogen production vs. gap thickness.

Ohmic losses are not dominating in this application because of low currents and high
KOH conductivity. Therefore, the gap thickness is not the dominating contributor losses.
Both the optimization of the electrolyte conductivity and the gap thickness were run to
determine if they were important in further designs of the battolyser. Through these
simulations it was determined that they were not as significant as other parameters
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Electrolyte conductivity

The electrolyte conductivity was also optimized. Figure (a) shows the small in-
crease in efficiency at half the value of the conductivity of the electrolyte. Since the in-
crease is small, more information was looked at for this parameter optimization.
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Figure A.9: (a) Battery and total integrated efficiency with respect to the electrolyte conductivity (b) Battery
capacity and total hydrogen production vs. electrolyte conductivity.

According to Gilliam et al. at room temperature, conductivity of KOH reaches a
plateau value as the concentration increases. To consider cost effects of high electrolyte
concentrations, for further optimization scenarios, 5 M KOH is used.[6] However, this
should be studied further as the increase in efficiency at lower concentrations of elec-
trolyte is not fully understood.
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Figure A.10: Specific conductivity of KOH with respect to concentration at 20 °C. Data from Gilliam et al. [6]
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A.9.

The concentration profiles of OH™ concentration through the x-coordinate of the cell
are presented in this section.
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Figure A.11: ((a) Hydroxide concentration profiles in the x-coordinate during charge and electrolysis (b) Hy-
droxide concentration profiles in the x-coordinate during discharge.
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Figure B.1: (a)-(d) Cyclic voltammogram of a Ni(OH); film deposited on a GC-RDE at 1600 rpm with 6.5 M
MOH electrolytes, where M consists of the K* and Li*, Na*, Rb* and Cs™ additions. (a) LIOH concentrations,
(b) NaOH concentrations, (c) RbOH concentrations, and (d) CsOH concentrations added to a KOH electrolyte,
while keeping the final OH™ contentration at 6.5 M.
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Table B.1: Peak oxidation potential and peak reduction potential of cycle 3 of consecutive CVs shown in Figure
compared to the average value of 3 consecutive cycles.

Peak potential Peak potential
Oxidation Potential [V] Reduction Potential [V]
Cycle3 Average3cycles Cycle3 Average 3 cycles

6.5M KOH 1.476 1.482 1.261 1.258
1M LiOH 1.402 1.406 1.272 1.271
0.5M LiOH 1.398 1.406 1.260 1.260
0.1M LiOH 1.415 1.417 1.253 1.252
0.05M LiOH 1.423 1.428 1.244 1.243
1M NaOH 1.453 1.471 1.207 1.196
0.5M NaOH 1.414 1.419 1.237 1.237
0.1M NaOH 1.484 1.511 1.174 1.159
0.05M NaOH 1.411 1.416 1.238 1.238
1M RbOH 1.399 1.396 1.270 1.271
0.5M RbOH 1.427 1.435 1.260 1.258
0.1M RbOH 1.444 1.452 1.241 1.235
0.05M RbOH 1.440 1.449 1.215 1.206
1M CsOH 1.457 1.464 1.254 1.255
0.5M CsOH 1.432 1.436 1.250 1.248
0.1M CsOH 1.407 1.409 1.246 1.246

0.05M CsOH 1.407 1.409 1.240 1.242
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B.3. SEM IMAGES FOR THE NICKEL ELECTRODE USEDIN 1 M
MOH BATTERY CYCLING EXPERIMENTS

SEM SE| 2, \ mm 10um

(9] ruoeLr SEM  SEI 150KV X2.000 4mm_ 10um [d] TU DELFT SEM  SEI 150KV X200

Figure B.3: SEM SEI images at x2000 magnification of the nickel electrode material from batteries with the
highest concentrations of alkali metal cations. (a) 1M LiOH + 5.5M KOH, (b) 1M NaOH + 5.5M KOH, (c) 1M
RbOH + 5.5M KOH, (d) 1M CsOH + 5.5M KOH.
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B.4.

Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) was used as an
analytical technique to determine the elemental composition of a sample. Samples are
dissolved in H»O, and digested close to boiling point for 4 hours. Then the samples were
diluted in 3 v% HNO3. This liquid is injected in the form of aerosol into an argon plasma.
The plasma excites the atoms and ions, causing them to emit electromagnetic radiation
at a particular wavelength characteristic to a particular element. The intensity of the
emission is proportional to the concentration of the element

The elemental composition of the active material inside the pockets was obtained by
ICP-OES analysis. The electrode pockets were opened and the compacted material was
extracted. The results are presented in Table

Table B.2: ICP-OES results for the nickel electrode sample

Nickel Electrode
Element Mass Percentage
[%]
Fe 0.100
Ni 93.253
Al 0.012
S04 ~?2 0.146
Li 4.636
Na 4.636
7Zn 0.037
Si 0.062
P02~ 0.102
Cd 0.013
Sn 0.013
Ca 0.022

Ti -
Ba -




110 B.

Due to the dilution process, carbon is not included in ICP-OES analysis results. The
nickel hydroxide positive electrode, as expected, is composed mainly of nickel. As the
material comes from commercial electrodes that have been used in Ni-Fe batteries, some
iron is also present in the nickel electrode. This can be due to crossover during charging
and discharging cycles because of the solubility of iron in KOH. This is expected as the
sediment found in the bottom of the battery has a high mass percentage of iron. The iron
crossover can decrease the overpotential for oxygen evolution in NIOOH materials[1].
Lithium and sodium can be present because of the use of LiOH and NaOH in the KOH
electrolyte during previous battery cycles. Zn, Cd, and Sn are typical HER inhibitors, and
are believed to have been added to the iron electrode to avoid the secondary reaction.
Cadmium and cobalt are used as additives to the nickel hydroxide electrode to increase
the conductivity and the oxygen evolution potential.
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B.5. RDE SETUP
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Figure B.4: (a) Photograph and (b) schematic of the RDE setup used for experiments.
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B.6. BATTERY CYCLING SETUP

A BioLogic BCS-815 Battery cycler was used to run the charge/discharge cycles on com-
mercial NiFe batteries (Ironcore Batteries). Galvanostatic charge/discharge cycles were
performed with a potential limitation of 1.1 V to avoid over-discharging. The capacity
of these batteries is 10Ah. The charge/discharge cycles were performed using a rec-
ommended charging rate of C/5 and a discharge rate of C/6.6. This coincides with a
constant current of 2 A during charging and -1.5 A during discharge. The long-term bat-
tery experiments were performed in a highly resistant plastic enclosure, namely the cell
where the commercial batteries are sold. This ensures that the experiments are per-
formed in highly alkaline resistant cells.
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Figure B.5: (a) Photograph of the (a) Battery charging setup and (b) commercial Ni-Fe IronCore batteries used
for experiments.
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Figure B.6: Cyclic voltammograms of Ni(OH)2 material deposited on a GC electrode recorded in different elec-
trolytes with a total OH- concentration of 6.5 M. Measurements were performed using an RDE setup with a
rotation speed of 1600 rpm and the voltammograms were recorded at scan rate of 20 mV sl in the following
electrolyte compositions: (a) 5.5M KOH + 1M LiOH, (b) 5.5M KOH + 1M NaOH, (c) 5.5M KOH + 1M RbOH, (d)
5.5M KOH + 1M CsOH, (e) 6.5M KOH.
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Figure B.7: Figure 1 with current density in mA/cm-2, using the geometric surface area of the GC electrode.



[1] A.C. Garcia, T. Touzalin, C. Nieuwland, N. Perini, and M. T. Koper, “Enhancement
of oxygen evolution activity of nickel oxyhydroxide by electrolyte alkali cations”,
Angewandte Chemie International Edition, vol. 58, no. 37, pp. 12999-13 003, 2019.
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Variables and greek symbols used throughout the document are presented in Table

Table D.1: Variables and greek symbols used throughout the document.

Variable Definition Units

A Arhenius pre-exponential factor [s71]

a; Activation energy [J/mol]
A geometric area [m?]

C concentration [mol/m3]
D Diffusivity [m?/s]
dy characteristic length scale [m]

E° Standard Cell Potential V]

i Current [A]

j Current density [A/m?]
Jo Exchange current density [A/m?]
n number of electrons (-]

N Flux (mol/(m?as))
R Universal gas constant [J/(K-mol)]
R Resistance 1
R Radius (m]

Re Reynolds number (-]
SoC State of Charge [%]
Sc Schmidt number [-]
Sh Sherwood number [-1

t time [s]

T Absolute temperature (K]

u velocity vector [m/s]
Um mobility [s-mol/kg]
v Rate of reaction (k1
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Table D.1: Variables and greek symbols used throughout the document.
Variable Definition Units
Y Volume [m3]
z valence of ionic species [-]
Greek symbols
a charge transfer coefficient [-]
Y Bruggeman coefficient [-]
AG Gibbs free energy [kJ/mol]
AH Change in Enthalpy [kJ/mol]
AS Change in Entropy [kJ/mol]
€ Porosity [-]
n activation overpotential [V]
0 Bubble coverage (%]
1) potential [V]
o conductivity [mS/cm]
v kinematic viscosity [m?2/s]
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Subscripts, superscripts and abbreviations used throughout the document are in-

cluded in Table

Table D.2: Subscripts, superscripts and abbreviations used throughout the document.

Subscripts

anode Refers to the anode of the electrochemical cell
cathode Refers to the cathode of the electrochemical cell
cell Refers to the overall electrochemical cell

i Refers to the chemical species i

s solid

| liquid

max maximum

Superscripts

eff effective

Abbreviations

AEL Alkaline electrolysis

Cv Cyclic voltammetry

DC Direct current

EDX Energy-dispersive X-ray spectroscopy

FFP Flow Field Pattern

GC Glassy carbon

GD Gas Chromatography

HER Hydrogen evolution reaction

ICP-OES Inductively Coupled Plasma Optical Emission Spectroscopy
LCOS Levelized Cost of Storage

LDH Layered double hydroxides

OER Oxygen evolution reaction

PCCEL Proton conductive ceramic electrolysis

PEIS Potentiostatic electrochemcial impedance spectroscopy
PEMEL Proton exchange membrane electrolysis

RDE Rotating disk electrode

RHE Reversible hydrogen electrode

SEM Scanning electron microscope

SoC State of Charge

SOEL Solid oxide electrolysis

TCD Thermal conductivity detector

TRL Technological Readiness Level
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