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Abstract

Synthetic production of ammonia was made possible in the beginning of the 20th
century, where the Haber-Bosch process was invented. This made it possible to
produce large volumes of ammonia, which otherwise was a limited commodity
from natural sources. Ammonia is an essential chemical for the world as we know
it, since it is mainly used for fertilizers. With synthetic fertilizers, farming can
be done much more effective, increasing the crop-yield. More crops, mean more
food to more people. And so, during the last century, the global population
has increased four-fold, thanks to the Haber-Bosch process. In this process,
nitrogen and methane is converted, forming ammonia and carbon dioxide as a
by-product. Splitting inert nitrogen gas is a difficult process, which here requires
high temperature and pressure. To do this efficiently, the production-plants are
large and centralized. Due to the large scale, and current yearly production
volume of >180 million tonnes per year, the process is responsible for more than
1% of the global CO,-emissions. With an increase in the global population, the
emissions will follow along. So to meet the current climate actions, improvements
or alternatives must therefore be found.

In this thesis, an alternative electrochemical method for ammonia synthesis is
discussed. It was first proposed in 1930 by Fichter et al., and later again in 1993
by Tsuneto et al. But only within the last few years, the method has gained
worldwide attention, after it was proven by Andersen et al. to be able to break
the strong nitrogen triple-bond. The synthesis is based on a lithium-mediated
reaction, where reactive metallic lithium spontaneously allows the process to
proceed. It draws many parallels to battery research, operating in non-aqueous
conditions.

Most studies on this electrochemical process, are done in small-scale batches,
with minute amounts of ammonia produced. The focus of this thesis, is to
develop an upscaled electrochemical cell, not limited by batch-wise production.
It should be larger in size, and capable of flowing both liquid electrolyte, and
gas reactants. These are key elements for allowing continuous production of
ammonia.

The thesis starts with a brief introduction to the importance of ammonia. Sub-
sequently, an introduction to some fundamentals on reactions and catalysis, and
the experimental methods used for this work. The following chapter will cover
the lithium-mediated reaction, and what we know so far. Then the development
process, and challenges faced for realizing a working cell, are described. It will
end with measurements on the operation of this cell, where mass spectrometry
was used for detection and determination of the origin of reactants.






Resumé

Kunstig produktion af ammoniak blev muliggjort i begyndelsen af det 20. &rhun-
drede, hvor Haber-Boschprocessen blev opfundet. Den gjorde det muligt at pro-
ducere store meengder af ammoniak, hvilket ellers er en begrsenset ressource
fra naturlige kilder. Ammoniak er et essentielt kemikalie for verden, som vi
kender den, eftersom det hovedsagligt bruges til ggdning. Med kunstggdning
kan landbrug ggres langt mere effektivt og dermed gge mzengden af afgrgder.
Flere afgrgder betyder mere mad til flere mennesker. Dermed har der veeret en
firefoldig stigning i verdensbefolkningen i lgbet af det sidste arhundrede takket
veere Haber-Boschprocessen.

I processen omdannes nitrogen og naturgas til ammoniak med kuldioxid some
biprodukt. Det er en sveer proces at splitte inert nitrogengas, hvilket her kraever
hgje temperaturer og tryk. For at gere dette effektivt er produktionsfabrikkerne
store og centraliserede. Grundet den store skala og den nuvaerende arlige produk-
tionsmaengde pa mere end 180 millioner ton er denne proces ansvarlig for mere
en 1% af den globale udledning af CO,. Med en fortsat stigning i verdensbe-
folkningen vil disse udledninger fglge med. Sa for at imgdekomme de nuveerende
klimamalsaetninger skal forbedringer eller alternativer findes.

I denne afthandling bliver en alternativ elektrokemisk metode til ammoniaksyn-
tese gennemgaet. Den blev nesevnt fgrste gang i 1930 af Fichter et al., og sidenhen
i 1993 af Tsuneto et al. Men fgrst inden for de sidste par ar har denne metode
vundet genklang verden over, efter det blev pavist af Andersen et al., at den kan
bryde den steerke trippelbinding i nitrogen. Syntesen er baseret pa en lithiumme-
dieret reaktion, hvor reaktivt metallisk lithium spontant kan starte procecessen.
Den drager mange paralleller til batteriforskning, virkende under ikke-vandige
betingelser.

De fleste studier pa denne elektrokemiske proces er gjort i lille skala i enkeltvise
partier med meget sma maengder ammoniak produceret. Fokus for denne athan-
dling er at udvikle en opskaleret elektrokemisk celle, der ikke er begreenset til
produktion i smé partier. Den skal veere stgrre og veere i stand til at have en
strom af bade flydende elektrolyt og gasreaktanter. Dette er centrale elementer
for at muligggre kontinuerlig produktion af ammoniak.

Afhandlingen begynder med en kort introduktion til vigtigheden af ammoniak.
Derefter gives en introduktion til den fundamentale baggrund for reaktioner og
katalyse samt de eksperimentielle metoder brugt i dette arbejde. Det efterfgl-
gende kapitel gennemgar den lithiummedierede proces, og hvad vi kender til om
den. Herefter beskrives udviklingsprocessen mod en fungerende celle samt de
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udfordringer, der blev mgdt pa vejen. Til slut vil der blive praesenteret egentlige
malinger pa brug af cellen, hvor massespektrometri blev brugt til at detektere
og fastleegge kilden til reaktanter.
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CHAPTER 1. INTRODUCTION

1.2 Thesis outline

Chapter 1 was an introduction to the project, giving a glance on ammonia and
the importance of it. In Chapter 2 I will give a description of the chemistry and
physics involved in catalysis, which is a crucial part of making reactions occur.
Chapter 3 gives a descriptions of the various methods used, while Chapter 4 will
focus on the non-aqueous ammonia synthesis reaction that I have relied on for
electrochemical ammonia production. Chapters 5 and 6 will focus on a flow cell,
which we have built for the ammonia reaction. Chapter five concerns the design
process, considerations and iterations that we went through, whereas Chapter
six will show how we have managed to make the cell operate. I will finally
conclude the work in Chapter 7 together with an outlook for future work.









CHAPTER 2. CATALYSIS AND REACTIONS

valleys. Going through the tunnel, might not give you the same view, but you
have saved a lot of energy due to less altitude difference. By introducing the
catalyst, the reaction pathway from reactants to products went through different
intermediate states. The reactants are allowed to adsorb to the catalyst surface,
and go through more favorable steps, which require less energy. The figure
is quite simplified, as there often would be multiple intermediate steps, but the
story is the same. With a good catalyst less energy is needed to go from reactants
to products.

Reactions and the journey from starting point to final point, depends on the
specific reactants and the wanted product. Hence, there is not just one catalyst
that works for everything, but we need to modify and optimize for the specific
needs. Three key parameters are used to describe when a catalyst is good for a
reaction. Namely activity, selectivity and stability. The activity is how often it is
able to let a reaction occur, whereas the selectivity is a measure of how efficient
it only lets one specific, and typically desired, reaction happen. Optimally, your
catalyst would be good at both at the same time. If not, you have a trade-off.
If you have a very active catalyst, but it makes a bunch of products you are
not interested in, you have paid a lot for producing unwanted things and you
will have to filter out your product afterwards. On the other hand, you could
have a very selective catalyst, that only produces what you want, but the rate is
so slow, you never get appreciable amounts of it. Therefore, we need catalysts
with just the right properties, such that we can make our desired product at
decent rates. Lastly, the equally important factor of stability. Because, in the
end, your catalyst is not worth much, if it degrades quickly over time and stops
working. Catalysts should, by definition, remain unchanged after reaction, so
we continuously can keep on producing for a long time.

2.1.2 Mechanisms of surface reactions

So that is the principle of what catalysis does. It can make reactions happen
more easily. But what is a catalyst?

The physical way catalysis plays out, can occur via different ways. One way
is in biocatalysis, wherein we see enzymes, such as nitrogenase as mentioned
in the first chapter. Enzymes are like large proteins with some very shape-
specific structures. These structures are created in such a way that they act as
active sites and help guide reactants through the reaction. Due to the intricate
structure, enzymes are highly efficient catalysts where only specific reactions
are allowed. Two other variations are homogeneous and heterogeneous catalysis,
referring to whether the catalyst is in the same phase as the reaction medium.
This is the case in fully liquid or gaseous systems, where e.g. protons can catalyze
the hydrolysis of esters in an aqueous solution. Protons are readily available in
acidic media. It speeds up the hydrolysis process but is not consumed during
the reaction. Here protons are the catalyst, and exist as a liquid similar to both
reactants and products.
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CHAPTER 2. CATALYSIS AND REACTIONS

carbon-monoxide and hydrogen
CH, + H,0 — CO + 3 H, (2.1)

Some CO, may also be produced in the process, and the mixture of CH,, CO,
CO, and H, is mixed with air. Air is composed of about 78% nitrogen and
21% oxygen, which is used for the subsequent reactions. First oxygen can react
with hydrogen and methane in a very exothermic process. This heats up the gas
even further to around 1000 °C, which in turn promotes even more conversion
of the remaining methane. More hydrogen can be extracted, by water-gas-shift
reaction, where CO and water reacts to form CO, and hydrogen

CO + H,0 — CO, + H, (2.2)

This reaction happens at much lower temperatures, so before entering this gas-
shift, the gas is cooled down with heat-exchangers. Thereby all the energy from
the previous high temperature reaction does not go to waste, but fed back to
the initial steam-reforming. It is of upper-most importance that no oxygen
is passed along to the following ammonia synthesis, since even trace amounts
can completely kill the reaction. This is mainly due to oxygen blocking the
active sites of the iron-based ammonia catalysts by forming iron oxides. Water,
CO, and CO, is also removed, such that a gas composition of 3:1 of nitrogen
to hydrogen is compressed to roughly 200 bar and fed to the final ammonia
synthesis reactor. The ammonia synthesis reaction is also an exothermic process
happening at 450-500°C. But only about 15-19% of the nitrogen is converted
at a single pass, so ammonia is extracted before being recycled over the catalyst.
Since the synthesis reaction is exothermic, the gas mixture heats up as it passes
over the catalyst and reacts, but this in turn shifts the equilibrium of reaction
unfavorably. Again, a compromise has to be made, where high temperature
gives higher rates, and low temperature gives higher conversions. Hence the
operating temperature of 450-500 °C and pressure at around 200 bar. The high
pressure in the process, is a benefit for the reaction equilibrium, as four molecules
(N5 +3H,) enter the reaction, but only two molecules (2 NH;) leave as products.
By increasing the pressure, the reaction will try to counteract this by making
fewer molecules, i.e. converting nitrogen and hydrogen to ammonia. Therefore,
as high pressure as possible is desirable, although the cost of building a plant
with pipes and reactors capable of producing and maintaining high pressures are
expensive. And so, 200 bar is the commonly used pressure.

In the discussion on Sabatier’s principle, the choice of catalyst depends on the
binding energy of reactant species to the catalyst. For the ammonia reaction, we
are of course interested in the binding of nitrogen. But the presence of ammonia
will actually affect this binding, as more ammonia corresponds to nitrogen bind-
ing less strongly. Consequently, as the nitrogen-hydrogen containing gas passes
through the ammonia synthesis reactor, the optimal catalyst for the conversion
will slightly change, as the ammonia concentration increases. The optimal setup
would therefore be some gradient of catalysts of various alloys, starting with
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CHAPTER 2. CATALYSIS AND REACTIONS
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Chapter 4.

. How can an electrochemical cell be designed, taking the fundamental knowl-

edge and understanding of the process into account? What challenges and
pitfalls follows from working in organic media together with lithium and
gasses over large areas and currents? This is scope of Chapter 5.

. Can we achieve improved results with such a cell? And will it give any

new and additional insights to the reaction? The cell should be capable
of implementing gasses of both electrodes, but this could also change the
conditions compared to the initial fundamental research. This is will be
addressed in Chapter 6.

. With all of this, is it then useful? Or has it just been interesting for the

sake of science? The concluding remarks and outlook is given in Chapter
7.



Chapter 3

Experimental methods

Throughout this project, my work has relied on a number of different methods
depending on the conditions and measurements needed. Most of the work has
been in-situ monitoring how the experiment developed, but supplemented by
ez-situ quantification or characterization of electrolyte compounds or electrode
deposit. For this, I took part in building and preparing a well-known technique,
and adjust it for product detection during ammonia synthesis. This chapter
covers a description of the methods and a theoretical background for the tech-
niques used. It is divided into three sections: electrochemical experimentation,
ammonia quantification and the Garm setup.

3.1 Electrochemical experimentation

The goal for this project is upscaling electrochemical ammonia synthesis. The
reaction process was in broad terms already defined, and common pitfalls de-
termined. This especially concerned the ubiquitous nature of ammonia, being
present in small concentrations all over the environment. Great care was there-
fore taken, to keep setups clean and control for contamination. Some electro-
chemical experiments were carried out in standardized glass cells as reference
measurements, but the main focus has been to get the synthesis reaction oper-
ating in a dedicated flow cell. A description of the setups utilized will follow
here.

3.1.1 Glovebox

In order to maintain non-aqueous conditions and a minimal interference from
water, oxygen, and surroundings, organic solvents and various salts were stored
in an Ar filled glovebox from Inert. The box pressure was constantly kept 2-8
mbar over ambient pressure, and filled with 5.0 purity Ar. The oxygen and
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CHAPTER 3. EXPERIMENTAL METHODS

Sigma-Aldrich) was used as solvent, and 1 vol.% ethanol (EtOH, 99.5%, ex-
tra dry, AcroSeal or anhydrous, Honeywell) was added as proton donor. Salt-
concentrations of 0.2 M to 0.5 M of LiClO, (battery grade, dry, 99.99%, Sigma-
Aldrich) was added for ionic conductivity and Li source. Also LiBF, (98%,
Sigma-Aldrich) was used as Li containing salt in THF. Other solvents were
tested too: 1,2-Dimethoxyethane (DME, 99.5%, inhibitor-free, Sigma-Aldrich),
1,3-Dioxolane (anhydrous, 99.8%, 75 ppm BHT for stabilization, Sigma-aldrich)
and 1,4-Dioxane (anhydrous, 99.8%, Sigma-Aldrich). Ferrocene (Fc, 98%, Sigma-
Aldrich) was for some measurements added for potential reference.

Various metals were used as WE: Mo foil (+99.9%, Goodfellow), Cu foil (99.8%,
Alfa Aesar) and stainless steel mesh (SS, 316 quality, McMaster-Carr). Prior
to experiments, Mo and Cu foils were dipped in 2 vol.% HCl (VWR, Chemicals)
to remove traces of reactive metals, polished with Si-C abrasive paper (Buehler,
CarbiMet P1200) and rinsed thoroughly with EtOH and ultrapure water. SS
mesh was dipped in 2 vol.% H,SO, (VWR Chemicals) and rinsed thoroughly in
ultrapure water and EtOH prior to experiment. A Pt mesh (+99.9%, Goodfel-
low) was almost exclusively used as CE, and a Pt wire (+99.99%, Goodfellow)
as a pseudo-reference electrode.

3.1.4 Flow cell experiments

Different versions of an electrochemical flow cell for the lithium-mediated ammo-
nia synthesis was used, throughout this project. The versions had parts manu-
factured in different materials. A chamber for electrolyte was manufactured in
aluminium. Compression fittings in Al (Swagelok) were attached, and the Al part
was electrochemically oxidized. Initially the part was rinsed in ultrapure water,
dipped in 0.1 M NaOH (anhydrous, > 98%, Sigma-Aldrich), and oxidized in 20
vol.% H,SO, (Suprapur, Merck). Gaskets for leak sealing was cut from a sheet
of FFKM perfluoroelastomer (Kalrez©6375, DuPont). Other chambers were also
manufactured in polyether ether ketone (PEEK). Various electrode parts used
in the cell was manufactured in stainless steel 316 (SS), the same quality of SS as
used in tubes for gas and electrolyte flow. Gas tubes in polytetraflouroethylene
(PTFE, produced by VICI) was eventually implemented. Electrolyte flow was
provided with a 100 ml glass syringe with PTFE seal (100MR-LL-GT, S.G.E.),
controlled by a syringe pump (World Precision Instruments).

Carbon cloth (ELAT Hydrophilic plain cloth, Feul Cell Store) was initially used
as anode. Stainless steel-based meshes (316 quality, ASTM and FDA compliant,
McMaster-Carr) with various mesh sizes (400 x 400 to 325 x 2300 wires per inch)
were used. Also SS-based porous discs (REACH compliant, McMaster-Carr)
removing particles from 2 to 40 pm in size were tested.

Prior to experiment, all cell parts (except for PEEK-based chambers) were thor-
oughly rinsed and boiled in ultrapure water, and dried at 100 °C overnight. When
received and prior to subsequent procedures, SS-electrodes were first thoroughly
rinsed in EtOH and ultrapure water. Then dipped in 2 vol.% H,SO,, followed
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CHAPTER 3. EXPERIMENTAL METHODS

which is achieved with two pumping stages. A rough pump (approximately 10~3
mbar), which provides a vacuum on the outlet of a turbo pump (<10~% mbar).
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Chapter 5

Flow cell design process

5.1 Designing an electrochemical black box

I will in this chapter describe the considerations and steps we went through in
the design of the electrochemical flow cell we developed for ammonia synthesis.
It will be a storytelling of the development process, as it has taken the main focus
of my PhD project. The process has been a series of multiple small iterations,
but can be divided into three major steps. All of these design steps were done in
close collaboration with Dr. Mattia Saccoccio, who also took part in the initial
testings, and was a crucial help to me.

5.2 Size matters

The initial work on the Li-mediated process, was done in small laboratory scale
glass cells, containing some tens of milliliters of electrolyte. Furthermore, the
synthesis for these experiments were all batchwise, so limited by a set amount
of electrolyte. Most of the following work and experiments done in parallel, has
all been in this same order of magnitude, with some modifications in the glass
cell designs. But what has been common to them all is the size of the electrodes,
all being around 1 cm? in size.

An imperative part of upscaling the Li-mediated ammonia synthesis process, is
to make the cell bigger. If this ammonia synthesis method should have any
chance of being useful in the real world, we cannot rely on only making a few
micrograms (pig) of ammonia at a time. Remember the current production is
hundreds of millions of tonnes per year - or roughly 500,000 tonnes per day, so 17
orders of magnitude higher! I will say right away, that electrochemical ammonia
synthesis will never be able to replace the Haber-Bosch process, but hopefully
be a substitute in remote rural areas, where the conventional NHj is not easily
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CHAPTER 5. FLOW CELL DESIGN PROCESS

Supporting structure
Current collector

Gas flow field

Gasket

1

2,

3

4. Electrode
5.

6. Electrolyte chamber
7

7 Liquid barrier
putrotog

Cathode side Anode side

Figure 5.3: Simple cell assembly without gas for the first iteration of the flow cell.
Parts (1-3) were from the predesigned cell, with indented slots for alignment. No
GDEs were available for electrodes (4), so no gas flow was supplied through the back
(1-3). Gaskets (4) ensured a tight seal between (3) and electrolyte chamber (5).

the left, (1) the first block is the supporting structure, manufactured in Al and
oxidized for stability and electrical isolation. Then there is (2) a copper (Cu)
based current collector, providing easy electrical access to the electrode. The
third part (3) is the gas flow field with a meander structure made in titanium
(Ti). These three parts have thin carvings or slots, in which each fit and provides
guidance for correct placement and alignment. Gas is designed to be provided
from the back side, so through the supporting structure all the way to the gas
flow field, where a 1/4” tube hole just fit - if everything is perfectly aligned.
This then requires a precise length adjustment of gas tube, such that with an
o-ring, the tube would seal to the backside of the flow field. But as we would
start testing the cell without gas, the holes in the gas flow field should be closed.
On the cathode side, this was done by using large molybdenum (Mo) sheets as
electrodes (4). These sheets would fill out the meander structure and cover over
all the holes. On the anode side, the holes were instead filled with cut pieces of
a 1 mm thick FFKM sheet (7), providing some leak tightness. Whether on the
cathode or the anode, the electrode material was cut out to be slightly smaller
than the gas flow field block. Hereby (5) a gasket could be fitted around the
edge, and provide sealing to the surroundings. The gaskets were also cut out
from a Kalrez sheet. These have worked brilliantly once the correct size and
combination to the additional parts was found. In the middle (6) the electrolyte
chamber was placed. Not only did the gaskets ensure a seal between the electrode
side to the electrolyte chamber, but it also ensured that there would be no direct
electrical contact between the two. Though it should have a surface coating of
alumina, there could be scratches or small openings through this layer causing
issues. After the electrolyte chamber, the cell assembly is mirrored, just for
the opposite electrode instead. The entire assembly was then pressed together
with eight screws, placed around the periphery of the supporting structure (and
fitted holes in the current collector and electrolyte chamber respectively). Yet
again, to ensure no unfortunate short circuits between the two electrode sides,
the screws were isolated with PTFE tubes, covering both the screw, bolt and
washer.
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