Downloaded from orbit.dtu.dk on: May 03, 2024

DTU DTU Library

i

Increasing Faradaic Efficiency and Current Density for the Lithium-Mediated Ammonia
Synthesis

Li, Katja

Publication date:
2023

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):
Li, K. (2023). Increasing Faradaic Efficiency and Current Density for the Lithium-Mediated Ammonia Synthesis.
Department of Physics, Technical University of Denmark.

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

e Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
e You may not further distribute the material or use it for any profit-making activity or commercial gain
e You may freely distribute the URL identifying the publication in the public portal

If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.


https://orbit.dtu.dk/en/publications/5282ef47-3edf-4058-959b-7fb24a9088df

w—
q
 cm

DTU Physics
Department of Physics

I

Increasing Faradaic Efficiency and Current Density for the
Lithium-Mediated Ammonia Synthesis

Katja Li

Supervisor: Prof. Ib Chorkendorff
Co-Supervisor: Prof. Jakob Doganli-Kibsgaard

Ph.D. Thesis
Technical University of Denmark

Department of Physics
Surface Science and Catalysis

January 2023



Cover image generated by DALL-E 2
Prompt: "Making fertilizer out of solar and wind, digital art"

ii



Abstract

Ammonia, being one of the most produced chemicals worldwide with 180 Mio. ton per year,
plays an important role in our society. It‘s main use is as fertilizer and it is predicted that without
the industrial scale production of ammonia via the Haber-Bosch process, we would not be able
to feed half of the current global population. With continuous global population growth the
role of ammonia will be even more important in the future. Moreover, ammonia is a precursor
for many chemicals both in the polymer industry as well as in the pharmaceutical industry.
As important and positive the influence of ammonia is, it also leaves a negative impact on the
environment. With steam reforming from methane as a main contribution, the Haber-Bosch
process is responsible for around 340 Mt CO, emissions per year. Ammonia is hereby the
chemical with the largest green house gas emission, with ethylene (140 Mt CO,) in a far second
place.

Hence, it is important to mitigate the negative impact of the Haber-Bosch synthesis by more
sustainable processes, such as electrochemical nitrogen reduction (NRR) powered by renewable
electricity sources. The NRR field is relatively young and therefore scattered with a lot of false
positive results, since the measured concentrations are often in the sub-ppm regions. Several
protocols have been published how to vigorously prove the ammonia production from nitrogen
and since then the field has moved in the right direction by revisiting and even subtracting
previously published results. The most promising method so far is the lithium-mediated elec-
trochemical ammonia synthesis (LiIMEAS), which has been successfully reproduced by several
labs. The success and industrial relevance of an electrochemical reaction is usually quantified
by values such as Faradaic efficiency (FE), energy efficiency (EE) and current density. The goal
of this thesis is to increase both the Faradaic efficiency and current density to levels where the

reaction can be considered for scale-up.

The FE was increased significantly from 25 to around 80 % by the addition of small amounts
of oxygen (0.6 - 0.8 mol.%) into the reaction atmosphere at 20 bar total nitrogen pressure. This
result was quite unexpected, since oxygen was initially believed to hinder the reaction due to
competing oxygen reduction reaction (ORR) and Li,O formation. However, the data presented
here prove the opposite, that oxygen greatly enhanced the FE at the right concentrations. At
higher concentrations however, the FE dropped rapidly to O %. The explanation of this unusual

effect was by modification of the solid electrolyte interphase (SEI) by oxygen. From literature it
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is already known that oxygen modifies the SEI layer and previous work from our group predicts
that the FE is strongly depending on the diffusion rates of the reactants through the SEI layer.
To support this hypothesis, air-free characterization (X-ray photoelectron spectroscopy, XPS,
X-ray diffraction, XRD) of the SEI layer was conducted at different concentrations of oxygen.
With experimental results and theoretical predictions combined, the modification of the SEI
layer through O, was proven.

To increase the current density, high surface area copper electrodes were synthesized by electro-
deposition at high overpotentials via the hydrogen bubble template (HBT) method. Then the
electrolyte had to be optimized for high current application. Namely the concentration of the
electrolyte had to be increased from 0.3 M to 2 M to increase the conductivity and therefore
minimize iR losses. Furthermore, higher concentrations lead to a thinner double-layer, which
increases the electrochemical surface area (ECSA). Lastly, the ECSA was determined by ca-
pacitive cycling in the same solvent as LIMEAS. With these electrodes, the current density was
increased to -100 mA/cngeo. Further optimization of the HBT method and electrolyte lead to
a current density of -1 Mcngeo with FE of 71 + 3 %.

The last focus in this thesis is to elucidate the role of ethanol (EtOH) in the system. It was ini-
tially predicted to be the proton source, but that does not seem to be it‘s only role. Experiments
where the electrolyte was switched from containing EtOH to non containing EtOH electrolyte
showed even higher FE than with EtOH. The conclusion from these experiment was that EtOH
has an important role to play in the beginning to built the SEI layer, but in the sequential run
does not serve as proton source and ammonia can be formed with tetrahydrofuran (THF) as
proton source.
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Resumeé

Ammoniak, verende et af de mest producerede kemikalier pa verdensplan med 180 millioner
ton per ar, spiller en vigtig rolle i vores samfund. Det bliver hovedsagligt brugt til ggdning, og
det estimeres, at vi ikke vil kunne brgdfgde halvdelen af jordens befolkning, uden industrielt
produceret ammoniak via Haber-Bosch processen. Med en fortsat befolkningsvekst kommer
ammoniak til at spille en endnu stgrre rolle i fremtiden. Desuden er ammoniak en forlgber
for mange kemikalier, bade i polymer- samt i farmaci-industrien. Pa trods af vigtigheden og
den positive indflydelse af ammoniak, efterlader det ogsa negative indtryk pa miljget. Med
dampreformering fra metan som hovedbidrag, er Haber-Bosch processen ansvarlig for at udlede
omkring 340 Mt CO, om éret. Ammoniak er hermed det kemikalie med stgrst aftryk af drivhus-
gas, hvor ethylen (140 Mt CO,/ar) kommer ind pa en andenpladsen.

Det er derfor vigtigt at imgdekomme den negative effekt af Haber-Bosch syntesen gennem en
mere baredygtig proces, sasom elektrokemisk nitrogen reduktion (NRR) drevet af vedvarende
kilder af elektricitet. NRR-feltet er relativt ungt og derfor ogsa spredt med mange falske positive
resultater, da de malte koncentrationer ofte er lavere end ppm (milliontedele). Flere protokoller
er blevet publiceret for hvordan man korrekt kan bevise produktion af ammoniak fra nitrogen,
og sidenhen har feltet flyttet sig i den rigtige retning, hvor tidligere publicerede resultater er
blevet testet igen og nogle endda trukket tilbage. Den mest lovende metode indtil nu er den
lithium-medierede elektrokemiske ammoniak syntese (LIMEAS), som succesfuldt er blevet
reproduceret af flere laboratorier. Succes og industriel relevans af en elektrokemisk reaktion
bliver typisk kvantificeret ved vaerdier som Faradaisk effektivitet (FE), energieffektivitet (EE)
og strgmtethed. Malet for denne afhandling er at gge bade den Faradaiske effektivitet og

strgmtatheden, til niveauer hvor reaktionen kan blive taget i betragtning til opskalering.

FE blev signifikant forgget fra 25 til 80 % ved at tilfgje sma mangder oxygen (0.6 — 0.8 mol.%)
til reaktionsatmosfaren ved 20 bars nitrogentryk. Dette resultat var ganske overraskende, da
oxygen fgrhen var forventet at begrense reaktionen grundet konkurrerende oxygen reduktions-
reaktion (ORR) og formation af Li,O. De prasenterede resultater beviser dog det modsatte, at
oxygen 1 hgj grad forbedrer FE ved de helt rigtige koncentrationer. Dog falder FE hurtigt til 0 %
ved for hgje koncentrationer. Forklaringen til denne us@dvanlige effekt var modificering af det

faste elektrolyt-overgangs-lag (SEI), hvor forudgaende arbejde fra vores gruppe forudsiger at



FE er sterkt athengig af diffusionsraterne af reagenterne gennem dette SEI-lag. For at under-
stgtte denne hypotese, blev luftfri karakterisering (rgntgenfotoelektron spektroskopi, XPS, og
rontgendiffraktion, XRD) af SEI-laget udfgrt ved forskellige koncentrationer af oxygen. Ved at
sammenholde de eksperimentelle resultater samt teoretiske forudsigelser, blev modificeringen
af SEl-laget ved O, bevist.

For at gge strgmtatheden blev elektroder med stort overfladeareal fremstillet ved elektrode-
ponering med hgje overpotentialer via hydrogenboble-skabelon (HBT) metoden. Herefter skulle
elektrolytten optimeres til brug ved hgj strgm. Hertil blev elektrolytkoncentrationen ngdt til at
blive gget fra 0.3 til 2 M, for at gge konduktiviteten og dermed minimere iR tab. Derudover ledte
hgje koncentrationer til et tyndere dobbeltlag, hvilket gger det elektrokemiske overfladeareal
(ECSA). Slutteligt blev ECSA fastsat ved kapacitive cyklusser i samme solvent som LIMEAS.
Med disse elektroder blev strgmtetheden gget til -100 mA/cngeo. Yderligere optimering af
HBT metoden samt elektrolytten ledte til strgmtaetheder pa -1 A/cngeo med en FE pa 71 + 3
%.

Det sidste fokus i denne athandling er at belyse rollen af @tanol (EtOH) i systemet. Det var
oprindeligt forudsagt at fungere som protonkilde, men det tyder ikke pa at vaere dets eneste rolle.
Eksperimenter hvor elektrolytten blev udskiftet fra hhv. at indeholde EtOH til efterfglgende
ikke at indeholde EtOH, viste endnu hgjere FE end hvis elektrolytten altid indeholdte EtOH.
Konklusionen fra disse forsgg var, at EtOH spiller en vigtig rolle i begyndelsen med at opbygge
SEl-laget, men i det efterfglgende forlgb ikke agerer som protonkilde, og ammoniak her kan

blive dannet med tetrahydrofuran (THF) som protonkilde.
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Preface

The work for this thesis was carried out at the Technical University of Denmark, Department
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stated in the respective chapters.
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1 Introduction

Ammonia is unarguably one of the most important chemical feedstocks in our society. Its main
use is as fertilizer, with around 97 % of the fertilizers being derived from ammonia [1]. It
is also an important starting material in the polymer industry as well as used as refrigerant
[2]. Predictions show that our demand for ammonia is even expected to rise 2.3 % per year
in the future [3]. To satisfy the huge industrial demand of ammonia, it is produced in big
facilities from its elements by the so-called Haber-Bosch process (HB), which utilizes high
temperatures and pressures in combination with an Fe-based catalyst. With this, 180 Mio.
tonnes of ammonia can be produced per year and distributed worldwide. The following sections
will discuss the evolution of the Haber-Bosch synthesis in detail along with its benefits and
repercussions on the society. Afterwards, the role of ammonia in the future as power storage is
analyzed and compared to the hydrogen economy. Lastly, electrochemical ammonia synthesis as
a more renewable alternative to the thermal equivalent is introduced and the challenges thereof

discussed.

1.1 The Two Sides of Industrial Ammonia Production

The synthesis of ammonia from nitrogen and hydrogen was invented by Fritz Haber in the
early twentieth century [4] and was implemented industrially by Carl Bosch in 1931 [5], which
awarded them both a Nobel prize each [6, 7]. It is believed to be one of the most important
inventions at the time since it allowed billions of people to be fed by the fertilizers produced
from this process. An estimate of the population growth with and without the Haber-Bosch

process can be seen in Fig. 1.1
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Figure 1.1: World population growth in the twentieth century with Haber-Bosch (black) and without
(red-dashed) [8].

The data shows that around 40 % of the current population is fed by the Haber-Bosch process
[8]. Since the beginning of the industrial application the energy and production costs also
decreased immensely from more than 110kW h/kg to 7.7kW h/kg though developments in
engineering as well as scaling-up the facilities [5], making the energy efficiency (EE) increase
from 36 to 62 %, which is the number based on best available techniques and can not be
optimized much further [9]. The factories where ammonia is produced nowadays can deliver up
to 6000 tonnes of ammonia per day and are several hectares in size. Knowing all this, shows that
the Haber-Bosch synthesis has certainly had a huge positive influence in the technological and
social development the last century, but these do not come without caveats. The Haber-Bosch
process has been leaving a huge environmental impact on our earth since its invention due to
its high energy demand and large CO, emissions. The need for its high energy demand can be
explained by a look at the simple reaction equation in (1.1):
kJ

As the reaction enthalpy is negative the reaction should be spontaneous, but this is limited
by the slow kinetics caused by the strong N-N triple bond. To circumvent that issue high
temperatures (650-750 K) in addition to an active Fe-catalyst are employed, which however
shifts the equilibrium to the side of the educts. To mitigate that, high pressures (50-200 bar)
need to be used in this process, making the process heavily energy consuming [10]. In fact, the
Haber-Bosch process is believed to be responsible for about 1.4 % of the total annual energy
consumption [11]. In the last 20 - 30 years the improvements in EE have slowed dramatically,
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making it obvious that without groundbreaking achievements in technology the efficiency can
not be improved anymore [9]. The CO, emission of some of the most produced chemicals are

given in Fig. 1.2:
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Figure 1.2: CO, emissions of industrially produced chemicals. Note that ammonia is on a separate y-
axis. Source: DECHEMA 2013

It has to be noted that ammonia is on a separate y-axis here, making it by far the chemical
that emits the largest amount of CO, per equivalent of product. Since climate change, and the
issues that come along with it, is the biggest issue we face as a whole community, the large CO,
footprint is concerning. From (1.1) it is not directly visible where the emission come from but
the H, from the Haber-Bosch process is made by steam reforming (see (1.2)), which then results
in the total reaction equation seen in (1.3). Another part of methane is burned to generate the
necessary heat for the process. Some plants use coal instead of natural gas (1.4), leading to an
even higher CO, output. In average, one Haber-Bosch plant produces 1.6 - 2.9 tons of CO, per
ton of NH; [5], not considering the emissions resulting from the building of these facilities.

kJ

CH, +H,0 = 3H,+CO AH =206 — (1.2)
mol

3C+6H,0+2N, — 4NH;+3CO, (1.4)

Furthermore, large amounts of NOy are produced in the process, and the removal thereof is very

costly [1]. All these facts make it clear that the current ammonia synthesis via Haber-Bosch is
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not sustainable in the future and new ways of ammonia production have to be found to satisfy
the demands.

1.2 Ammonia Economy in the Future

Many people believe that ammonia, aside from its important role as fertilizer, might be a better
energy storage medium than hydrogen. This is due to its relative high energy density and easier
storage than hydrogen, since ammonia is easily liquified [1, 12]. When the energy is needed
ammonia would then be electrochemically converted in a fuel cell to hydrogen and nitrogen
again, while delivering energy in form of electricity. Some even believe in ammonia as a fuel
for boats or cars [12].

To accommodate the vast amounts of ammonia needed in this future, it is obvious that other
alternative ways of ammonia synthesis need to be realized that are environmentally friendly.
In general, three options are discussed and each come with their own advantages and disad-
vantages. The optimal solution would be direct electrochemical nitrogen reduction in aqueous
medium with water as the hydrogen source at ambient pressures and temperatures. This would
not only be the most energy efficient way but also most environmentally friendly way since
only renewable energy sources would be used and the process would leave no carbon footprint.
However, this dream is far from realization and in the following all three options are explored

and the role of ammonia in the future discussed.

1.2.1 Ammonia as Energy Storage and Source

In searching for a new way of storing the energy from renewable sources, batteries were the
first choice, since they offer a direct method to store the electrical energy. However, this way
does not seem to be sustainable since batteries can not accommodate the capacity required for
large and long time energy storage [13]. The only way to avoid as many losses as possible in
long time energy storage is by chemical ways via hydrogen or other carbon free mediums [14].
One of the most promising options is ammonia, and its possible role in an carbon free future is
depicted in Fig. 1.3. It shows the whole life cycle of ammonia as an energy carrier and source.
In this scenario ammonia is used in various applications such as in the medical industry, as
transportation fuel and as fertilizer where it is converted back to nitrogen, which is harmless for

the environment.
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Figure 1.3: Role of ammonia in the future as energy carrier. [12]

Ammonia is a promising candidate because of several more reasons. First of all, its energy
density is comparable to those of fossil fuels with 22.5MJ/kg and the storage cost per unit
energy is low at 0.54 $/kg-H, compared to that of pure hydrogen (14.95 $/kg-H,) [1]. Moreover,
it can be transported more conveniently than hydrogen as shown in Fig.1.3. It is ea_sily liquefied
by compression to 10bar [12] or can even be transported as solid in form of metal nitrate
salts. Hexa-ammine-magnesium chloride has been considered for that role, as it is made from
the abundant and cheap magnesium chloride and can be compressed into pellets that then
give a similar volumetric ammonia content of 615 kg—NH3/m3 as liquid ammonia [15]. The
distribution of either liquid or solid ammonia derivatives would also be no problem since the
required infrastructure is already present due to the demands today. It is also discussed to use
ammonia directly as fuel for transportation in ships or cars [16, 17]. However, the technologies
are still in the beginning stages and only the future will show if ammonia will assert oneself as
a replacement of fossil fuels.

Using ammonia as an energy storage medium and source not only comes with technological
challenges but also concerns about health and safety. Our current economy is optimized for
fossil fuels and so are our technologies like heat engines, turbines and fuel cells. Since ammonia
is corrosive and incompatible with certain materials such as copper and zinc, new machines
need to be developed and adapted to ammonia [1]. With the corrosive nature of ammonia comes
also other health and safety concerns, which could lead to issues in public acceptance. The

risks of ammonia needs to be portrayed clearly to the public before it can be used in large
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scales. Ammonia by itself might be categorized as toxic, however it is not as dangerous when
compared to other fossil fuels. The risk of explosion is also lower since ammonia is hard to
ignite and explosion is only possible at high pressures and temperatures when there is an ignition
source [1]. Ammonia itself might not be explosive but a lot of its derivatives in form of nitrates,
amines and nitro-compounds are. If an explosion of ammonia or its derivatives happens, the
consequences might be fatal, since large amounts of NOx will be released. In general the risk
of NOy exposure is a huge concern and ways to remove it efficiently and effectively need to be
developed.

In summary, ammonia is one of the most promising carbon-free alternatives both for energy
storage and source. This is reflected in the countless funds worldwide going into research
and industry regarding this topic. Its potential is vast but safety issues and technologies need
to be adapted. Nevertheless, first round-trip efficiency values for residential (40-50 %) and

automotive applications (20-30 %) seem promising [14].

1.2.2 Alternative Ammonia Synthesis Methods

The most obvious and easiest option is to implement a modified Haber-Bosch process where the
H, comes from water splitting instead of steam reforming. This would decrease CO, emissions,
making the ammonia much more sustainable. However, this alternative would still rely on big
centralized plants, which require huge capital costs and make the developing countries reliant
on the richer countries. A way to mitigate this is by electrochemical nitrogen reduction with
a coupled water splitting device as hydrogen source. This option is not only carbon free but
can be powered solely by renewable energy from electricity from solar cells or wind mills.
The last possibility, and the most energy efficient and environmentally friendly way, would be
direct electrochemical nitrogen reduction in aqueous medium without a separate water splitting

device.

Water splitting coupled with Haber-Bosch - e-Haber-Bosch

To obtain the necessary H, for the ammonia synthesis, the current Haber-Bosch plants utilize
a methane steam reforming reactor (see (1.2)), followed by a water gas shift reactor (1.5), an
CO2 removal unit and lastly a mechanization unit, to recover as much CO2 as possible.

kJ

CO+H,0 = CO, +H, AH=-41_—" (1.5)

The steam methane reforming reactor uses a lot of energy since the temperatures are in the
order of 900 °C. The energy required for the heating is gained from methane combustion, which
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again emits CO, [9]. The mixture of resulting CO, H, and unreacted educts is then introduced
to a water gas shift reactor, where the CO is reacting with the steam to form H, and CO,.
The remaining CO is converted back to CH, to avoid poisoning of the catalyst. Knowing these
procedures, it is clear now that the H, production alone leads to an enormous amount of CO,
emissions as well as energy input. The use of a water electrolysis unit as H, source would
mitigate all these emissions. A comparison of a methane powered and electrically powered

Haber-Bosch process is shown in Fig. 1.4
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Figure 1.4: Comparison of methane powered and partially electrical powered Haber-Bosch process. A:
Schematic diagram of both alternatives. B: CO, emissions of both alternatives. [9]

The electrically driven system in Figl.4 A looks far more simple in construction with less inputs
of steam (dark blue lines) and more electrical energy input (dashed gray lines). This would
possibly reduce capital costs and hence would make it possible to install smaller more flexible

facilities, also in developing countries. The CO, emissions for both alternatives are given in

7
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Fig.1.4 B in a Snakey chart. It is seen that a water splitting coupled Haber-Bosch plant would
decrease the CO, emissions from 1.67 to 0.38 - 0.53 tcoo/tnp3 leading to a 68 - 77% reduction
of the emissions [18]. The Snakey chart makes it clear that most of the emissions do not come
from the actual synthesis of ammonia but mostly from the production of H,. It is predicted
that this new electrically driven Haber-Bosch process would require 1.6 kg of water per kg of
produced NH; and would produce 1.4 kg of highly pure O,, which could be used elsewhere [9].
The commercialization potential of the electrical driven Haber-Bosch process depends large_ly
on the efficiency of the electrolyzer component. The most promising electrolyzers can be
separated into alkaline electrolyzers (AEL), proton exchange membrane electrolyzers (PEMEL)
and solid oxide electrolyzers (SOEL) [19]. The energy efficiencies of AEL and PEMEL are in
the order of 50-60 %, whereas the SOEL has higher efficiencies of over 80 % [20]. However, the
SOEL are expensive and not as durable. PEMEL have the advantage of archiving higher current
densities, which would lead to smaller stacks than AEL, however are also more expensive. A
techno-economic analysis performed by Zhang et al. calculated the total EE of a Haber-Bosch
plant coupled with an SOEL to be 74%, which is higher than the current 61% of methane
driven plants. The drawback there are the costs which would lead to an ammonia price of
around 400$/tyyyz [21]. However, with the continuous progress in the electrolyzer field and
the predicted drop in electricity cost, the realization of these electrical Haber-Bosch plants
might be possible in the near future. A smaller scale plant has already been realized in a
collaborative work by Siemens plc, Cardiff University, the University of Oxford and the Science
& Technology Facilities Council in a wind turbine driven electrical Haber-Bosch plant that
makes 30 kg of NH; daily and uses an AEL [22]. A bigger project is planned by Thyssenkrupp
who plan to complete their green ammonizﬁalant in 2023 [23]. They promise a ammonia
production of 50 tonnes per day with their AEL coupled to a low pressure Haber-Bosch plant

which is catalyzed by a cobalt-promoted magnetite catalyst.

Water Splitting Coupled with Electrochemical Nitrogen Reduction

The electrified Haber-Bosch synthesis might be more environmentally friendly, but there is still
the issue of centralization and intermittency. Since the Haber-Bosch plant itself requires very big
facilities and is best run continuously, the capital costs are still high and the electrolyzer needs to
either run consistently, which is not always possible with renewable energy sources, or would
need a hydrogen tank, which brings more safety issues. A solution to these problems would
be to eliminate the Haber-Bosch component entirely and substitute it with an electrochemical
process. The electrochemical reduction of N, to NH; is a 6 €™ process and should theoretically

happen at very mild potentials in both acidic and basic solutions as shown in (1.6) & (1.8)

[24].

No(g)+6H" (4q) +6¢” == 2NH; ) E®=0.092V vs RHE (1.6)
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2H* () +26” = Hy(g) E%=0.0V vs RHE (1.7)
NZ(g) + 6H20(aq) +6e" —— 2NH3(aq) + 60H—(aq) EO =0.092Vvs RHE (1.8)
2H20(1) +2e —— H2(g) + ZOH_(aq) EO =0.0V vs RHE (1.9)

The main competitor for the NRR is the hydrogen evolution reaction (HER) which happens
at similar potentials seen in (1.7) & (1.9). Thermodynamically NRR is supposed to happen
before HER, which in praxis is not the case. The problem lies in the very stable N, triple bond
(941 kJ/mol) and the resulting slow kinetics and large activation barriers. Researchers agree that
the first part of splitting the triple bond requires the most energy and could happen in a one or
two electron process shown in (1.10) & (1.11) [24].

N, +2H" +2¢” == N,H, ) EY=-1.19V vs RHE (1.10)

N, +e =N, (49 EY=—-4.16V vs NHE (1.11)

These large activation barriers, especially in the one electron case, shows the need for a catalyst
to circumvent the sluggish kinetics. The catalyst that could achieve this feat is yet to be found
but theoretical calculations suggest that potentials of at least -1.0 to —1.5V vs SHE would be
needed [25]. This would correspond to a total cell voltage of the same value since the potential
contribution of the HOR counter electrode reaction is negligible. Even though such a process
does not yet exist, the Department of Energy has set a goal in the REFUEL program on the
specific targets the NRR has to fulfill to be industrial relevant. They predict a minimum FE
of 90 % and an EE of 60 % at a current density of —300 mA/cm? are needed [26]. Aside
from the advantage of being adaptable to the energy input of the renewable energy sources,
this fully electrified process would also not need big facilities, which makes it possible to
have smaller ammonia production plants. Moreover, this process might not need as pure of
a N, feed as the Haber-Bosch process, where the catalyst is poisoned by ppm of O, [27]. In
summary, the NRR process coupled with a water splitting device has a lot of advantages over an
electrified Haber-Bosch process and could be even more energy efficient, however the current

technologies, especially on the NRR side, are still in the initial developing phases.

Direct Nitrogen Reduction in Aqueous Medium

To even further simplify the ammonia production, the electrolyzer part can be combined with
the NRR into a single reaction cell, where the counter electrode reaction is oxygen evolution
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reaction (OER), shown in (1.12). The total reaction is seen in (1.13) and would optimally
achieve a cell potential of around 2.6 V, considering the standard reduction potentials for the

half cell reactions in addition to 200 mV overpotential.

ZHZO(I) = O2(g) +4H+(aq) +4e” EO =1.23V vs RHE (1.12)

- 1
NZ(g) + 3H2O(aq) —_— 2NH3(g) +1.5 OZ(g) +4e ECe ~2.6V (1 .13)

As stated above, the limiting factor is the cathode reaction, for which no electrocatalyst has
been found so far. Nevertheless, feasibility study have been conducted and this direct NRR has
been compared to the e-HB and the currently fossil fuel based HB. With aggressively optimistic
assumptions in the NRR part, the study conducted by Hochmann et al. [28] show that direct
NRR is more efficient and convenient than both Haber-Bosch alternatives. The only advantage
of the conventional HB is that it is not as depended on the fluctuating electricity prices as e-HB
and NRR which of course will have a huge influence on the cost of ammonia. The effect is
more critical for e-HB, since it has to run continuously because of the HB part, whereas the
NRR plants can just lower production when the prices rise. This reason could make the NRR

more economically relevant than e-HB even though the EE is lower.

1.3 Thesis Outline

Chapter 2 will include a short introduction to electrocatalysis in general, with a focus on the
current state-of-the-art in non-aqueous electrochemical ammonia synthesis. In Chapter 3 the
experimental setups and methods that were used throughout the thesis are explained.

The next two Chapters 4 and 5 will focus on the improvement of the Li-mediated ammonia
synthesis in therms of faradaic efficiency and current density, respectively. The results from
Chapter 4 were published in Paper 1 and Paper 4, explaining the surprisingly positive influence
of small amounts of O, in the system. The results from Chapter 5 were published in Paper 2
and 5 and showcase high surface area electrodes that allow high current density application.
Chapter 6 will give a more fundamental look into the LIMEAS by investigating the role of EtOH
in detail. The results will be published in the future, as it is currently in preparation.

Lastly, the limitations of the LIMEAS are discussed and concluding remarks given in Chapter

1.
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2 Electrocatalysis and Nitrogen
Reduction

The first part of this chapter will cover the basics of electrochemistry and electrocatalysis. These
are the fundamentals which this whole thesis is based on, however due to lengths restraints
they will only be covered shortly. The main part of this chapter will be the challenges and
current state of electrochemcial ammonia synthesis. The state of the art and developments of
the LIMEAS so far will be listed and explained.

2.1 Electrocatalysis and Electrochemistry

In general, electrochemistry is the study of reactions that are induced by electricity, like electrol-
ysis, corrosion or electrophoresis. In the times of digitalisation electrochemistry has found many
applications such as sensors, fuel cells and most importantly batteries. According to [IUPAC a
catalyst is a substance that lowers the activation barrier of a reaction without being consumed
and hence improves the kinetics of a reaction [29]. It can be separated into two categories,
heterogeneous and homogeneous. In electrocatalysis the catalyst is most often a metal or solid
immersed in an liquid electrolyte, which makes them a heterogeneous catalyst. In contrast to
thermal catalysis, the energy needed to overcome the activation barrier comes from electrons
rather than temperature. A schematic of a catalyzed and not catalyzed reaction is shown in
Fig.2.1 A.
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2 Electrocatalysis and Nitrogen Reduction
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Figure 2.1: A Schematic of a catalyzed and not catalyzed reaction, with E4, being the activation barrier
and T3 the transition state. B Calculated volcano plot for ORR [30].

A good catalyst has to bind the substrate just right. If it binds it too strongly, the product is
hard to desorb, and if it binds it too weekly the molecule will not react. This principle is called
the Sabatier principle and is visualized in so-called volcano plots where the binding strength
of a certain metal is plotted against the activity of that catalyst [31]. A volcano plot of oxygen
reduction reaction (ORR) catalysts is shown in Fig. 2.1 B. The most active catalyst that binds
the substrate not too weakly nor too strongly is seen at the top of the volcano plot, which is Pt

in this case.

2.1.1 Electrochemical Setup and Charge Transfer

A typical electrochemical cell consists of at least two electrodes that are in contact with an

electrolyte, and a power source. A schematic of such a cell is shown in Fig. 2.2.

Power supply

WEmCE

RE

Eqppi VS RE

O,

Figure 2.2: Schematic of a typical electrochemical cell with three electrode setup.

12



2 Electrocatalysis and Nitrogen Reduction

On an electrode two different reactions can happen, namely an oxidation or reduction. During
an oxidation reaction the reactant loses electrons and during a reduction, the reactant receives
electrons which decreases the oxidation number of a specific element. The electrode where a
reduction takes place is called the cathode and the electrode where an oxidation takes place is
the anode. One can not happen without the other, but normally only one of these reactions is
investigated in detail, whose electrode is then called the working electrode (WE) and the other
electrode is named counter electrode (CE). Combining both of these half reactions will result
in a redox reaction. For an electrochemical reaction these two electrodes are needed, which
then gives a two electrode setup. To determine the absolute potentials at which the reduction
and oxidation reactions happen, a reference electrode (RE) is needed, whose potential is stable
during the operation. the potentials are then referred to as vs. RE. When the electrical circuit
is closed and zero current or open circuit voltage (OCV) is applied no net reaction is taking
place. The measured OCV is an indication of the equilibrium potentials of the reactants in the
electrolyte. As soon as a bias, which is the driving force, is applied reactions can take place.
32]

An illustration of the electrical processes that takes place between the electrode and electrolyte

is given in Fig. 2.3.

Electrode Solution Electrode Solution
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Figure 2.3: Illustration of electrochemical oxidation (bottom) and reduction (top) reactions. [33]

13



2 Electrocatalysis and Nitrogen Reduction

A reduction takes place on the side where a negative bias is applied which raises the energy
levels of the electrons. If the level is raised further than the lowest unoccupied molecular orbital
(LUMO) of a reactant the electron can jump from the electrode to the reactant and reduce it.
The opposite happens during an oxidation where the energy level of the electrons are lowered
below the highest occupied molecular orbital (HOMO) which makes it then possible for the
anode to accept an electron from the reactant. [33]

Oxidation and reduction reactions obey Faraday’s law, which states that the amount of reaction
happening is proportional to the passed charge. Aside from charge transfer reactions occur non-
faradaic reactions like adsorption or desorption can take place. One has to remember that both
faradaic and non-faradaic reactions take place simultaneously during an electrode reaction, even

tough in most cases the faradaic reactions are of greater interest.

2.1.2 Electrode Electrolyte Interface

The electrical double layer (EDL) is a description of the electrode electrolyte interface and can

be depicted as an capacitor which is governed by following equation:
=_C 2.1

Each capacitor has a certain capacity C it can contain. When a potential E is applied, current
will flow until a certain charge Q is passed that fulfills the equation 2.1. In case of the EDL the
charges can be seen as an access of charge at the metal electrode (Qyy) and an opposite charge
of the same magnitude in the solution (Qg). The EDL is generally very thin (around 0.1 A)
and has capacitance values of 10 to 40 mF/cm?, which is very dependent on the electrolyte and
electrode material. [33] As seen in the schematic of the EDL in Fig. 2.4 A, the EDL is made out
of two layers. On the first layer, also called inner Helmholtz plane (IHP), solvent molecules or
ions are specifically adsorbed to the electrode and the total charge density from these adsorbed
molecules is ¢;. Solvated ions of the opposite charge can form the second layer in the outer
Helmholtz plane (OHP) and are therefore non-specifically adsorbed with a charge density of
0y4. The total accumulated charge density oy is then the sum of o; and 6. The range of the
second layer, often also called diffuse layer, can range into the bulk of the electrolyte and is
dependent on the electrolyte concentration. It is thinner for higher electrolyte concentrations
and less than 100 A for electrolyte concentrations above 0.2 M. From the voltage profile shown
in Fig. 2.4 B is is clearly seen that the EDL induces a potential drop close to the electrode
surface, meaning that the reactants experience a diminished potential in contrast to what was
applied on the electrode. [33, 34]
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Figure 2.4: A Proposed schematic of the electrochemical double layer. B Potential profile across the
electrochemical double layer. [33]

Since the capacitive current has nothing to do with faradaic reactions and more with the electri-
cal interface, it is most often neglected when investigating electrochemical reactions. However,
in some cases it is important for measuring the electrochemical active surface area (ECSA) by
capacitive cycling, which will be explained in later sections.

2.1.3 Role of Potential

The potential of a reaction is determined by referencing it versus a reference electrode, whose
potential should be stable during the reaction. In aqueous solutions the standard hydrogen
electrode (SHE) or reversible hydrogen electrode (RHE) are commonly used. The reactions

and conditions are shown below:

SHE:2H"+2¢” —H, E=0.0V  Pt, latm H,, ag,=1, pH=0 (2.2)

RHE :2H" +2¢” — H, E=0.0V Pt, latm H,, ap,=1 (2.3)
The pH dependent RHE scale can be obtained from the SHE scale with following relation:

Egrug = Esyp—0.059 - pH (2.4)
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2 Electrocatalysis and Nitrogen Reduction

In this thesis a pseudo reference Pt wire electrode was used, since it is hard to find reference
electrodes in non-aqueous environments that do not contaminate the electrolyte. It is even harder
to define the potential, because in our case we know that the bulk electrolyte changes during the
duration of an experiment through solvent oxidation at the anode. Hence, we are aware that the
reference potential can shift and we advise to take the potentials with a grain of salt. In some
of the studies the potentials were referenced vs Li/Li* whose potential was determined before

a reaction with the onset of Li plating in a linear sweep voltametry (LSV).

2.2 The Current State of (non-aqueous) Electrochemical
Ammonia Synthesis

As outlined in the previous section, the future of renewable ammonia production is heavily
dependent on the establishment and improvement of electrochemical nitrogen reduction reac-
tion. The reason why this important issue has not been solved is mainly threefold. For once,
the activation of the stable triple bond in N, is a challenge as already stated. Another issue
is the competition of NRR with HER in aqueous systems. Due to scaling relations, HER is
always favored over NRR on all transition metal surfaces [35], which makes industrially relevant
electrochemical ammonia synthesis very hard, if not impossible. These two points are also
the reason why currently most of the NRR publications show low FE and ammonia formation
rates. The synthesized ammonia is in concentrations of ppm or even ppb and hence very prone
to contamination. It has been shown that a huge amount of published data is measuring on
contamination, instead of N, derived ammonia [36]. All these challenges and their possible
solutions will be further evaluated with a focus on the non-aqueous ammonia synthesis, which

is the basis of this thesis.

2.2.1 Challenges in Electrochemical Ammonia Synthesis

As trustworthy experimental data on electrochemical ammonia synthesis is still lacking, one
has to rely heavily on theoretical calculations and simulations to understand the difficulty of
NRR. In principle the NRR can happen in two ways, namely associativity, where the N-N bond
is broken at the end or and dissociatively where the first step is breaking the N-N bond. Both

mechanisms can be seen in Fig. 2.5.
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Figure 2.5: Associative (bottom) and dissociative (top) nitrogen reduction mechanism on metal surfaces.
[11]

It has been calculated that the N-binding energy of the catalyst is responsible for the pathway
which N, activation takes place. At strong binding surfaces such as Zr, W and Mo the disso-
ciative pathway is prevailing, which is also the mechanism in the HB process. And in turn, at
intermediate N-binding surfaces the associative pathway dominates on transition metals such as
Cu, Pt or Pd [11, 25]. The conclusion of the study was that the most promising NRR catalyst
would be in the strong binding regime and the predicted potential would be around -1 to —=1.5V
vs SHE [25]. The commonly agreed reason why no suitable catalyst has been found so far is
because of the scaling relations between the two intermediates *N,H and *NH,, where the *
denotes an active site on the catalyst. Optimally, the catalyst would bind the former strongly
but the latter weakly to allow the desorption of NH;, however because they scale linearly this
is not possible. Due to this, Van der Ham et al. predicted a minimum overpotential of 0.4V to
be necessary [11]. A proposed way to circumvent this scaling relation is by having dual metal
active sites [37].

Once the activity problem is solved, the selectivity problem must be addressed. As seen in the
volcano plots in Fig. 2.6, the HER always requires less negative potentials than NRR on flat and

stepped surfaces alike.
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Figure 2.6: Comparison of HER and NRR limiting-potential in volcano plots. [37]

Strategies to suppress HER in relation to NRR is to reduce the availability of the reactants of
HER, which are protons and electrons. Ways to reduce proton availability is to either dilute
an aqueous solvent with a polar aprotic solvents such as DMSO or completely switch to non-
aqueous solvents such as THF or propylene carbonate (PC). Strategies to slow down electron
transfer include applying a thin layer of insulator on the catalyst where the electrons need to
tunnel through or utilizing a photoabsorber to achieve the same effect [38].

After both activity and selectivity issues are solved the last step is to correctly evaluate the
catalyst. As simple as this sounds, it is not so trivial in the very low ammonia concentrations
most papers claim to produce. Several groups have come up with rigorous protocols to be
followed to guarantee NH; production from N, activation [36, 39-42]. All of them follow
the same goal to identify sources of activated nitrogen contamination such as different NOx
compounds that come from the chemicals that were used in the experiments. Furthermore,
NH; contamination can come directly from human breath or the nitrile gloves. The sources
of false positives are wide and a definite proof, as was stated by several of these protocols,
are quantitative isotope experiments with 15 N, [43]. The goal thereby is to prove that one can
produce as much 15NH3 as 14NH3 over several_points. A detailed method how to quantify
the isotope labeled ammonia was published in [44]. Due to all these meticulous instructions,
scientists in the field started to publish more critical work [45, 46] or even retracted previous

publications, which is a step in the right direction.
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2.2.2 Non-Aqueous Ammonia Synthesis - The Li-mediated Pathway

To avoid the selectivity issues mentioned in the previous section, H availability can be limited
in non-aqueous electrolytes. Currently, the only proven method to synthesize ammonia electro-
chemically is the Li-mediated pathway, which uses the reactive metal Li to break the stable N
triple bond [47-50]. The history of the LIMEAS can be dated back to Fichter et al. in 1930
[51] where they used alcohols as solvent. Several decades later in the early 1930s Tsuneto et al.
investigated the process more sophistically in THF [52, 53]. We have based our findings heavily
on the findings of Tsuneto and still use a very similar electrolyte composition as they did. Aside
from our group, it has gained great interest in the past years and has been reproduced by many
groups worldwide [40, 49, 54-58].

The exact mechanism is yet to be elucidated but it is agreed that it consists of three major

steps:
Li plating : Li* +e~ —— Li E'=-3.04V (2.5)
N,fixation : Li+N, —= LizN or LiNxHy AH <0 (2.6)
Protonation : Li;N+H" — NH; +Li* AH<0 (2.7)

The first step seen in (2.5) is the only electrochemical step which is a reduction of Li* ions from
solution into metallic Li. It requires large negative potentials of over —3 V since the 250 state
of Li* is much more stable than 2s!. The last two steps are purely chemical and exothermic in
nature. Since Li is such a reactive metal, it is possible to split the N triple bond while forming
a Li-N or Li-N-H containing species. The exact reaction product has not been characterized
yet since it is only possible to measure it in situ. This species will then be protonated to form
NH;. It was initially believed that the protons are coming from EtOH [49, 55], but Krempl et al.
proved that THF can also be a proton source, since they saw an acidification of the electrolyte
over time even without EtOH present [59]. They hypothesized that the acidification is due to
the oxidation of THF on the anode which leads to formation of dihydrofuran and two H*. This
species was also confirmed by GC-MS measurements of the electrolyte after electrochemistry
[60]. Furthermore, the decomposition and further polymerization of THF on Pt anodes was also
observed elsewhere [61].

Since finding a stable reference electrode in a non-aqueous system is not trivial, especially in the
LiMEAS case where the electrolyte changes over time, galvanostatic methods are used rather
than potentiostatic ones. A typical chronopotentiometry (CP) of a LIMEAS reaction at ambient

pressures and temperatures is given in Fig. 2.7.
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Figure 2.7: Typical chronopotentiometry of a LIMEAS reaction at ambient pressure and temperatures at
—4mA/cm?. The WE was a Mo foil and the CE was a Pt mesh. The reaction was performed
in 0.5 M LiClO, with 0.17 M EtOH in THF.

At these ambient conditions the LIMEAS exhibits FE of around 5 % and its operation is unstable
with the WE dropping to potentials of below —10V in a few minutes. This is of course not
sustainable and a solution was found by Andersen et al. by cycling the applied current between
zero current and operation current [62]. This allows the freshly deposited Li to react away
during the resting phase before deposition of new Li. Hence, the accumulation of unreacted Li
and possible other non-conductive decomposition products is avoided. With this cycling method
the system stays stable for days.

To boost the rather low FE, several groups have tried to increase the N, availability, which was
proven by Tsuneto et al. to have a positive impact on the FE [52]. One way to achieve that is
by increasing the N, pressure in a batch cell type setup [55, 62]. Another way is to apply a
gas diffusion electrode (GDE) in a flow cell [56], which allows for ambient N, pressures. Both
strategies indeed increased the FE, proving that the LIMEAS is N, limited.

The work of Lazouski et al. [56], which successfully implemented the GDE, was also the
first to address the reaction at the anode. As stated above the anode reaction is believed to
be solvent oxidation, but in their work HOR was utilized at the anode by flowing H, at the
anode. This not only improved the stability of the electrolyte but also, in theory, should lower
the total cell potential due to the less positive potentials needed at the anode, however their
reaction was not stable over time and ran at cell potentials of over 20 V. Suryanto et al.
improved upon the H* transport by introducing a phosphonium-based proton shuttle to carry
the protons from the anode to the cathode [55]. The same group also investigated the HOR in
non-aqueous electrolytes further and saw a fast poisoning of the standard HOR catalyst Pt [54].
They concluded that a bifunctional catalyst would be the solution for a stable HOR operation.
Another important aspect of the LIMEAS is the solid electrolyte interphase (SEI) layer which is
formed on top of the metallic Li. This term is borrowed from the battery literature and describes
an ionically conductive but electrically insulating layer that forms from decomposition products
of Li with the electrolyte [63, 64], and was first described by Dey in 1977 [65]. This layer
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protects the metallic Li underneath from further reactions with the solvent and in the case of
LiMEAS also regulates the availability of the reactants Li™, N, and H™ at the electrode surface.
Since the SEI layer is very sensitive to moisture and air it is very hard to probe and still not
very well understood. One can argue that the SEI layer changes as soon as there is no potential
applied anymore, which makes in-situ characterization the only way to investigate this layer.
Nevertheless, some effort was put into analyzing the SEI layer in the LIMEAS community.
Cyo-transmission electron microscopy (TEM) was used to characterize the SEI layer after
electrochemistry and revealed that EtOH has a strong influence of the SEI morphology [66].
Without it, the SEI layer seems thin and compact with crystalline Li underneath it but with
EtOH in Ar atmopshere, the SEI layer is thicker and the Li beneath is formed in islands and not
distributed equally. Under LIMEAS conditions, meaning with EtOH and in N, atmosphere, the
SEI layer is still thick but no metallic Li was detected underneath. The authors concluded that
EtOH makes the SEI layer more penetrable, which leads to more favorable reaction conditions
of Li with N,. The only in-situ characterization so far was conducted by Blair et al. with
neutron reflectometry [67]. They confirmed a residual layer on top of a Mo cathode after CP
and prolonged OCYV, which is believed to be the SEI layer consisting of components such as
Li,O, LiOH and LiCIO,.

2.3 Aims of this Thesis

At the start of this PhD project in December 2019 not many articles were published on LIMEAS
since it has only gained interest through the publication by Andersen et al. [40]. As stated in the
last section, since then several groups have started to investigate this and the advances were very
steep since it is currently the only tangible hope of a green and renewable ammonia synthesis.
The main goal of this thesis was to scale up the current densities and hence ammonia production
rates for a more industrially relevant operation. In addition to that, a more fundamental under-
standing of the process was also a focus in this work.

The specific aims of this thesis are listed in the following:
1.) Is O, as harmful to the LIMEAS as it is to the HB process? This question lead to a
surprising result that is both of great importance scientifically and industrially. The results

will be shown in Chapter 4.

2.) How can we archive higher current densities in this system? The synthesis of high surface
area electrodes and optimization of the electrolyte are presented in Chapter 5.

3.) What exactly are the roles of EtOH and how can we prove it? It was clear from the
beginning that EtOH is essential to making NH; but what we believe the role of EtOH
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was has changed significantly over the past three years. This development will be outlined

in Chapter 6.
4.) How far are we from our goal of renewable and decentralized fertilizer production?

Chapter 7 will give some insights and challenges the LIMEAS community needs to face

in the future.
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3 Experimental Methods

This chapter will give an insight into the different setups that were used in this thesis as well as
the electrochemical methods that were applied. Most of the experimental and characterization
methods used in this thesis are standard techniques, which is why they will only be explained
briefly. A strong focus and an important basis for the thesis is the detection of ammonia given
the importance of correct quantification. Due to our non-aqueous system the detection is not as
straightforward as in aqueous systems and the difficulties and pitfalls of the two quantification
methods will be discussed in detail in section 3.3.

3.1 Electrochemical Setups and Gas Cleaning and Mixing

The experiments in this thesis were conducted either at ambient pressured in a single compart-
ment glass cell for more fundamental studies or in a pressurized autoclave. The pressure vessel
was custom build in our lab and designed by Mattia Saccoccio and Suzanne Zamany Andersen.
The gasses used in all experiments were purified in our gas cleaning setup and also properly

mixed for the O, experiments described in Chapter 4.

3.1.1 Single Compartment Cell

The single compartment glass cell is the easiest electrochemical setup and was used for the
EtOH exchange experiments in Chapter 6. Fig 3.1 shows a photograph and a schematic of the
cell used in this thesis.
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Figure 3.1: A Photograph and B schematic of the custom made single compartment glass cell, which
was used in this work.

The cell lid is custom made and has five openings. Three openings are for the WE, CE and
RE and have thin glass tubes attached to guide the metal wires. This allows a more stable and
reproducible positioning of the electrodes. The positioning of the electrodes is more important
in non-aqueous electrolytes due to the higher resistances. One opening is for introducing and
taking out the electrolyte. These for openings can be sealed of with a cylindrical rubber to make
the cell air-tight. The last opening is for a gas bubbler. Since our reaction requires gasses like
N, or Ar, such a gas bubbler is needed. This makes the cell air tight with the only in and outlets
at the bubbler. However, these openings are not completely sealed, which is why experiments in
a fumehood can still lead to O, or H,O contamination. Therefore all the glass cell experiments

were conducted inside a glovebox.

3.1.2 High Pressure Autoclave Setup

A home built autoclave was used for the O, experiments in Chapter 4 and the high current
density experiments in Chapter 5. The operation pressures were mos;ly kept at 10 and 20
bar, since higher pressures would make it industrially expensive to apply. Inside the pressure
vessel sits a one compartment glass cell, very similar in build as the one described in the
previous section 3.1.1, with the exception that there is a bigger hole in the lid to allow faster gas
atmosphere exchange. Fig 3.2 A and B show a photograph of the glass cell with the electrode
alignment and the autoclave, respectively. A horizontal electrode aliment was chosen to allow
stirring in the glass cell. The WE, CE and RE electrodes were placed as close together as
possible to avoid huge iR drops. Fig. 3.2 C is a 3D rendering of the glass cell inside the
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autoclave. The hole in the lid is clearly visible in the front. Fig. 3.2 D shows a schematic of

the autoclave with the in-operando electrolyte sampling mechanism.
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Figure 3.2: Custom built pressure vessel for electrochemical ammonia synthesis. A Photogtraph of the
glass cell inside the autoclave. B Photograph of the pressure vessel inside a fumehood. C
Rendering of the autoclave with glass cell and inlet to mass spectrometer. D Schematic of

the autoclave with electrolyte sampling mechanism.

For the in-operando sampling a polytetrafluorethylene (PTFE) tube is placed inside the big hole
in the lid to the bottom of the cell. This PTFE tube is then connected to a 1/16 inch stainless
steel tube that goes thorough the lid of the autoclave and then to a three way valve (V1). When

the valve is opened to the glass cell, the whole tube is filled with electrolyte up to V3 due to the

pressure inside the autoclave. The tube diameter and length were chosen that there is about 1 mL

of volume inside. Then the valve V1 is closed and opened to an Ar line which flushes out the

electrolyte when V3 is opened inside a small measurement cylinder. The cell is also connected

to a mass spectrometer through a 1 pm orifice that is drilled into a 1/8 inch tube, which is also
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introduced into the cell. The orifice separates the reaction pressure from the ultra high vacuum
(UHV) inside the mass spectrometer (MS).

3.1.3 Gas Mixing and Cleaning Setup

Correct gas cleaning and mixing is a very important prerequisite in the field of NRR. Studies
have shown that false positive NH; signals can stem from NOx impurities inside the feed gas,
which is why the N, needs to be purified [36]. To avoid these issues we have implemented a

gas cleaning and mixing setup that can be seen in Fig 3.3.

R R R
-

Figure 3.3: Schematic of the gas cleaning and mixing setup.

The gasses are cleaned in conventionally available purifiers from NuPure for N,, H, and
synthetic air, which can clean NOx up to ppt levels. For the O, experiments in Chapter 4 we
have mixed pure N, with synthetic air (20% O, in N,), to get the right O, contents. The mi_xing
was done with mass flow controllers (MFC, Brooks) whose flows are controlled by a control
box. The N, flow was held constant at 5 L/min and the synthetic air flow was then adjusted.
To confirm the actual gas atmosphere in the autoclave, the gas composition was measured by
a MS (OmniStar GSD 320, Pfeiffer Vacuum). The measured amount deviated slightly from
the calculated amount due to possible imperfect gas mixing or communication issues with the

control box. This will be discussed in detail in Chapter 4.

3.2 Electrochemical Methods

During this thesis many standard electrochemical methods were used like, cyclic voltametry
(CV), linear sweep voltametry (LSV) or impedance measurements. This chapter will briefly
describe these techniques and explain for what reason they were used in this work. Specifically,
it will be discussed why chronopotentiometry (CP) is preferred in this system compared to
chronoamperometry (CA). Moreover, the methods how to make and measure the high surface

area metal electrodes are explained in detail.
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3.2.1 Cyclic Voltametry and Linear Sweep Voltametry

The potential of the WE is scanned from one potential to another and back at a specific scan rate
in CVs. The resulting current response is plotted against the WE potential for analysis. The LSV
is basically the same, just that the potential is not scanned back to the starting potential. These
methods are generally used to gain information about the different reactants in a system. When
reaching a specific potential where a reaction can happen, the current increases and decreases
again when the reaction becomes mass transport limited, resulting in a peak shape. The CV
can give information about the composition of the reactants through the Nernst equation, when
knowing the standard reduction potential (EO) of the reaction Ox — Red [68]:

RT Ox
— 50 ) el
E=FE"+ F In (Red> 3.1

A typical CV and LSV recorded in the LIMEAS system is shown in Fig. 3.4.
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Figure 3.4: Representative A CV and B LSV in LIMEAS. The WE was Mo, CE and RE were Pt. The
electrolyte for both was a 0.3 M LiClO, with 0.17 M EtOH in THE.

The LSV was used in this work to determine the onset potential of Li plating E7;, which was
then used to convert the WE potential from vs Pt (E,4p;) to vs Li/Li* (E,z;) in a simple way:

Eysri=Eyspi—ELi 3.2)

The onset is quite sharp and does not exhibit a peak shape since the concentration of Li* ions
in the electrolyte is so high that the system is not mass transport limited. The CV in Fig.3.4 B
gives more information in the back-scan. Not only is the Li plating visible but in the oxidative
scan direction another broad peak appears which is related to the reversible reaction of metallic
Li stripping off the surface. When comparing the charges of both processes it is possible to see
how much Li is lost in this process. This is important for Li metal batteries, however in this

work it is not investigated further.
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3.2.2 Chronopotentiometry

CP and CA are both techniques that are used to investigate the stability and time dependence
of a reaction, as the names already imply. For CP a constant current is chosen and the voltage
observed and vice versa for CA. Since there is no stable RE in the LIMEAS system, as discussed
in Chapter 2.1.3, it is not viable to do constant potential measurements. The disadvantage of
constant current experiments however is, that double-layer charging effects are more promi-
nent and hard to deconvolute [33]. In the future, when a stable and reliable RE is found, the

chronoamperometry (CA) might be more favored. In this work CP was used exclusively to

produce NH;. A typical CP is given in Fig. 3.5.
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Figure 3.5: Representative CP in LIMEAS at current density of —4 mA/cm?. The WE was Mo, CE and
RE were Pt. The electrolyte was a 0.5 M LiClO, with 0.17 M EtOH in THF.

Since the current is set at a constant value, the charge accumulates linearly over time. The
WE potential is below Li plating, which is indicated by the negative potentials vs Li/Li*. The
potential decreases over time and shows that the system is not stable. This will be discussed
in detail in the following chapters. In contrast, the CE is stable during the duration of the
experiment.

NH; is produced mainly during the CP and the charge passed in the CP (Q) is needed to
calculate the efficiency of ammonia production. There are several ways to define efficiency but
the most commonly used value is Faradaic efficiency (FE) or current efficiency. It determines

how much charge goes towards making the desired products versus the total passed charge. To
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calculate the FE one must know the mole of produced NH3, nyg3, and z, the moles of electrons
needed to make one mole NH3, which in this case is 3:

FEny3 = S F NS 0g, (3.3)

Q
Another way to represent efficiency is through energy efficiency (EE, 1) and is not as straight-
forward to calculate as FE. The first ones to attempt a EE definition in LIMEAS are the group
of Karthish Manthiram [49, 56], which our team then also adapted to stay comparable. They
define the EE with the amount of energy obtained from NH; from oxidation to water versus the

total electric energy put in to make the NH;:

_ Eour _ AGR NH3 ' "'NH3
Ein fEcell(t)dt' Q

(3.4)

AGR g3 in this case is 339 kJ/molyp3 or 19.9 kJ/gny3. The denominator is the total electrical
energy being put into the system and consists of the cell potential integrated over time, times the
total charge. While this way of calculation gives a first approximation of the EE, it is lacking
in several aspects. It does not account for the energy needed to produce H, from H,O, nor
does it incorporate the fact that in the current LIMEAS the H* source is sacrificial. However,
it is still a useful measure and together with a FE gives a fuller view on the total efficiency of
the LIMEAS. Hereon, another EE is described labeled 1y, which will incorporate the energy

needed for making H,. This will be discussed in detail in the upcoming publication of Paper 6
[69].

Tnew = Eour — Eour
new — -
Ein Egz +E%H3

(3.5)

The energy input for making H, can be obtained from the EE of an electrolyzer 1y, which is

somewhere between 70 - 90 %:

AGR g2 " NH2
MH2=—pm (3.6)
in
so that the total 7M.y is:
AGR NH3 "NH3
MNnew = AGrun 1 . ENH3 (3.7)
NH2 in

The sacrificial HT donor EtOH can be incorporated in E%H 3, however, the goal should be to

use HOR on the CE as H* source so that this will not be necessary. Regardless, the EE of
the LIMEAS will never achieve high values, since the plating potential of Li at -3.04 V is much
higher than the theoretical necessary potential for splitting the N, triple bond (-1.19 V vs RHE).
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This point is also made clear when looking at Fig. 3.6, which shows the energy losses in the

LiMEAS.
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Figure 3.6: Visualization of the energy losses in LIMEAS. This CP was conducted at 20 bar in 0.3 M
LiCIO4 + 0.17 M EtOH in THF at a current density of —4 mA/cm? on a Mo WE with Pt as

CE and RE. Data from Paper 4 [70].

The total cell potential in this representative CP is 7.25V, with 2.8 V vs Pt on the CE and
—4.45V vs Pt at the WE. The gray parts visualize resistance losses due to the high resistance

of the non-aqueous electrolyte and account for approximately 0.5 V. Since theoretically HOR

is possible at the CE instead of solvent oxidation, the rest of the CE potential can be described

as overpotential and is in the range of 2.3 V. On the WE side the overpotential for Li plating

is around 0.9V, when using Li plating as the WE reaction but 2.8 V when referencing to N,

bond splitting. If only regarding the WE potential Ey g, the voltage efficiencies nV can then be

defined as:
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; -3.04V  -3.04V
ViR
nViR is the voltage efficiency considering iR compensation. However, these values need to be

taken with a grain of salt since due to the pseudo reference potential it is not possible to give
exact overpotentials. This voltage efficiency times the FE would also be a reasonable proxy to
evaluate the LIMEAS.

In this work all EE values given are by the calculation method of (3.4), however in the future

our group will implement (3.7) or other better alternatives.

3.2.3 Electrochemical Impedance Spectroscopy (EIS)

In electrochemical impedance spectroscopy (EILS), an electrochemical system is perturbed by
a small oscillating potential or current in a range of different frequencies. From the resulting
current or potential response the impedance, Z(®), can be calculated [71]:

V(o)

I()

Z(w) = m =

@) (cosP(@) +jsin(@)) = Zy +jZ; (3.12)

As seen from (3.12) the impedance is dependent on the angular frequency (@) and consists of a
real part Z,, which is the resistance, and an imaginary part Z;, which is called the reactance.
To gain valuable information from the measurement, equivalent circuit fitting needs to be
performed and the data is often plotted in a Nyquist plot. Fig. 3.7 shows a Randles circuit
with the corresponding Nyquist plot.
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Figure 3.7: A Randles circuit and B the corresponding Nyquist plot.
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The Randles circuit seen in Fig. 3.7 A is often used to describe electrochemical processes with
the solution resistance R being connected in series with a parallel combination of a double layer
capacitance Cg and a faradaic reaction [72]. The faradaic reaction consists of a charge transfer
resistance R.; in series with a Warburg impedance Z,, that symbolizes diffusion resistance and
is a constant phase element with the phase of 45°, which is why the line in the Nyquist plot
at the low frequency regime goes off at that angle. The values of the different resistances and
the double payer capacity can be determined from the Nyquist plot shown in Fig. 3.7 B. The
solution resistance only has a real term and is therefore the first cross section with the x-axis.
The second cross section is Ry + R.;. Lastly, C4 can be obtained from the middle of the half
circle.

Since the LIMEAS is not straightforward to model this way, with the SEI layer and different
electrochemical and chemical steps in series, the main use of EIS in this work was to determine
the solution resistance for iR correction purposes. Since the solution resistance is non-negligible
in non-aqueous electrolytes, it is important to know that the measured WE potential is not the
actual potential at the WE. Hence, wherever possible potentiostatic EIS (PEIS) was used to
measure the solution resistance and the values lie somewhere between (50-400 Q) depending on
the system and electrolyte used. In this work, the CPs are not iR corrected to give an undiluted
image of the potentials. The actual potential at the WE Ewg can however be easily obtained

from the measured potential Ej¢4s, using following formula:

EwE = Emeas — iR (3.13)

Distribution of Relaxation Times (DRT)

As already mentioned, one needs to fit the EIS data to an equivalent circuit model to gain any
valuable information. This however is not always possible since it must be known how many
and which processes take place in a process to not over-fit the data. A model free approach
that can still give information about the number of processes and time scales thereof is the
distribution of relaxation time (DRT) analysis. It allows the interpretation of EIS data in the time
domain through a Fourier transform from the frequency domain. In the conventional Nyquist
plot, electrode processes can overlap and are hard to distinguish, but they could be resolved in
the time domain. [73]

The first step of the DRT analysis is to fit the EIS data with an infinite number of in row RC

elements, whose impedance in described in (3.14):

R

= 3.14
1+j(DTRC ( )

Zrc
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7 is the relaxation time constant in s. This makes the fitted DRT impedance [74]:

= 1)
Z =R d 3.15
DRT pol+/0 1+j0t T (3.15)

Finding the distribution function of relaxation times Y(7) is a non trivial problem and many
different practices exist. One of the most common approaches is by Tikhonov regularization,
which allows a simplification of the problem and is related to the method of least squares.
The exact method to obtain Y(7) is beyond the scope of this thesis but more information can
be found in [73, 75]. y(7) can then be plotted versus log(7). DRT is limited in the frequency
domain it is accurate in. At very high or low frequencies the data is inaccurate and often has to
be removed [73]. Another pitfall is that DRT analysis requires high frequency resolution and is
very perceptive to noise and hence a lot of smoothing of the data can be required, depending
on the quality of the measured data. Nevertheless, it is a powerful tool if applied carefully and
can be applied in battery literature to investigate Li plating and SEI related phenomena [76]. An
example of a DRT spectrum of a Li-ion battery during fast charging is given in Fig. 3.8
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Figure 3.8: DRT spectra of Li-ion battery at OCV after being charged at a C/5 rate to different state of
charges. [76]

In this publication the authors investigated a fast charged Li-ion battery at different state of
charges (SOC) with DRT. They could changes in the SEI layer resistance at 10* Hz and also Li

plating around 10% Hz.
In this work DRT analysis is performed in a typical LIMEAS system with the hopes to gain

information and deconvolute SEI related phenomena and Li plating.
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3.2.4 Capacitive Cycling

There are many different ways to measure the ECSA, such as CO-stripping, metal oxide reduc-
tion, H-adsorption or under potential deposition. After careful consideration it was decided to
use capacitive cycling in an electrolyte that is similar to our reaction electrolyte to determine
the ECSA of our high surface area Cu electrodes. This method is not only applicable to a lot
of materials, in contrast to CO-stripping, but also allows us to determine the ECSA under our
specific electrolyte conditions.

The only prerequisite for this method is that a capacitive region exists in the CV where only

double layer charging is occurring without any faradaic reactions.
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Figure 3.9: A Cyclic voltammetry in the double layer region with different scan rates for Pt in 0.5 M
H,S0O,. B Dependence of double layer charging current on scan rate for Pt in 0.5 M H,SO,.
[77]

Since only double layer charging is taking place in this non-faradaic region, and the double
layer current is proportional to the scan rate, one can determine the double layer capacity Cy
when measuring CVs at different scan rates as seen in Fig. 3.9 A and (3.16).

_E oy (3.16)

Experimentally, one would plot the change of current d/, determined by taking half of the charge
and discharge current at each scan rate in the middle of the potential range, versus the scan rate

v, like in Fig. 3.9 B. The slope of the resulting linear line is then the double layer capacity
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C, ;- To obtain the ECSA, the obtained double layer capacitance must be divided by the specific
capacitance Cgpec of the material in that electrolyte.

Cal

ECSA =
Cspec

(3.17)

2 [78] but varies a lot with the investi-

This Cgpec value is generally between 20 and 40 uF/cm
gated material and electrolyte and has to be determined separately if one wants to avoid large
errors. [77]

The ECSA determination by capacitive cycling was also validated for non-aqueous solvents in
a publication by Yoon et al. where they measured Cspec for a wide range of materials in 0.15
M KPF¢/MeCN electrolyte. Interestingly, they observed that most materials in this case exhibit

similar Cspec values of 11 &5 },lF/sz [79].

3.2.5 High Surface Area Electrode Deposition

To synthesize high surface area Cu electrodes, a method called hydrogen bubble template (HBT)
was applied. The method is based on applying a large overpotential for metal deposition in
acidic electrolyte, which allows rigorous HER to occur simultaneously with metal deposition.
The metal is then deposited around the resulting H, bubbles and after the bubbles disappear a
porous metal structure is left behind. A depiction of this process is seen in Fig. 3.10.

anode

+

Hydrogen Bubble

cathode lec sited C
lectrodeposited Copper lectrodeposited Copper

Figure 3.10: Schematic of hydrogen bubble template of Cu on Au. [80]

The further up in the deposition the more the H, bubbles have coalesced, resulting in larger
pores on top of the deposition [81]. The pores are generally in the 10 - 100 um size and exhibit
dendrite like nano-structures as seen in Fig.3.11. In literature, Cu is mostly used for HBT, but
other metals such as Pd, Pt. Rh or Ni are also reported, as well as alloys [82].
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Figure 3.11: SEM of hydrogen bubble template of Cu. Deposition conditions were 20 s in the electrolyte
of 0.4 M CuSO4 +15M HZSO4 +0.1M CH3COOH at current densities of —3 A/cm? [83].

The method is highly adaptable and deposition features can be tuned by varying the applied
current, potential or time. Additionally, the pore size can be adapted by adding surfactants or
additives such as ethylene glycol, CTAB or sodium sulfate [82]. For our Cu electrodes we used
a electrolyte consisting of 0.4 M CuSO, in 1.5 M H,SO, and applied a constant current density
of around -5 A/cm? for different amount of times ranging from 15 s to 5 min. During deposition,
the working electrode was sandwiched between a split Pt mesh counter electrode to ensure even
current density distribution on both sides of the working electrode. A schematic of the setup and
photographs of the deposited Cu electrodes on different substrates is shown in Fig. 3.12. For the
experiments presented here either Ni foam or stainless steel mesh were chosen as a substrate

for the deposition. Both were spot welded on a Cu wire to ensure good electrical connection.
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Figure 3.12: A Hydrogen bubble template setup with split Pt mesh counter electrode. B Deposited high

surface area Cu on Ni foam (HBTCu). The geometric surface area of one side was 0.5 cm?.

C Deposited high surface area Cu on stainless steel mesh (HBTCuSS). The geometric
surface area of one side was 0.2 cm?

3.3 Ammonia Quantification

The correct quantification of ammonia is essential in this work and not as straightforward as
it might sound. Since at some reaction conditions the expected ammonia content can be in the
sub ppm levels the detection methods have to be sensitive and accurate in our non-aqueous
conditions. Throughout this work two main detection methods were used, namely colorimetric
quantification via the indophenol blue method and ion chromatography (IC). Both methods
will be critically tested for application in the LIMEAS and their advantages and disadvantages
discussed herein. Other quantification methods used in our team include mass spectrometry [84]
and nuclear magnetic resonance spectroscopy (NMR) [44]. These two methods can distinguish
between isotopes and are necessary for quantitative isotope measurements, which is still a
requirement for any new catalyst in NRR. However, in this work they were not extensively

used and hence not further discussed in detail.

3.3.1 UV-Vis Indophenol Blue

The indophenol blue method is based on the Berthelot reaction, which forms a blue indophenol

dye from ammonia. Since this reaction is quantitative it is possible to use this reaction to
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measure the amount of ammonia in aqueous solutions with UV-Vis. The four steps of the
reaction are shown in (3.18) — (3.21):

NH; +OCl” —— NH,Cl+OH"™ (3.19)
OH
Na,[Fe(CN)sNOJ o
+4 OH-
Yoo T
Y
H
(3.20)
OH
o N
S e T
cl - H,0, HCI
N 0 0~
H
indophenol blue
(3.21)

The equation in (3.18) shows the equilibrium of ammonia in aqueous solutions. Depending on
the pH value of the solution the equilibrium can be shifted towards ammonia or ammonium. In
our samples we suspect an acidic environment, since protons are produced on the CE. To shift
the equilibrium towards ammonia, alkaline hypoclorite solution is added. The hypochlorite re-
acts with the ammonia to monochloroamin as seen in (3.19). Afterwards, a phenol nitroprusside
solution is added, where the nitroprusside acts as a catalyst for the phenol and monochloroamin
to react and form a C—N bond. The resulting compound will react with another phenol molecule
to finally form the indophenol dye seen in (3.21), which is present in its anionic form in alkaline
media.

The quantitative conversion of ammonia to indophenol is the precondition to determine the

concentration via UV-Vis. The relationship between concentration and absorption intensity was
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discovered by Pierre Bouguer [85] and Johann Heinrich Lambert [86] and described in the
Lambert-Beer law seen in (3.22) [87]:

I
E) =logg (70) =g c-d (3.22)

The extinction E is defined as the logarithm of the intensity of the light source I versus the
transmitted light /7, which is equal to the extinction coefficient €, times the concentration ¢ and
thickness of the solution d. The relation is limited mostly by chemical and instrumental factors
and holds best at low concentrations or at absorbance ranges between 0.2 — 0.5. At higher
concentrations the analyte will have inter-molecular interactions, which influence the band
structure and therefore the absorption behavior, making the relationship between absorbance
and concentration not linear anymore. Even with considering all chemical and technical influ-
ences, there are still phenomena that can not be explained by the law. In samples which are
reflective, constructive and destructive interference could take place that convolute the intensity
measurement [88]. Hence, the Lambert Beer law can be a strong tool in optical spectroscopy,
but one has to be careful with the limitations.

A calibration is usually required to obtain the extinction coefficient €, . To make a calibration
curve for our non-aqueous samples we developed a procedure that is stated in detail in [40, 89].
We have made this procedure to ensure that the calibration is as close as possible to the way
we actually measure our samples. In short, we prepare standard solutions of different ammonia
contents in a solvent that represents our electrolyte (in this case 0.2 M LiClO, in THF). Then we
acidify the samples to trap all ammonia in form of ammonium and evaporate the THF in a water
bath at 60°C until only salt residue is left. Afterwards, we add 2 mL of water, and 0.5 mL of each
akaline hypochlorite and phenol nitroprusside. Then we let the indophenol color develop for
30 min in the dark before measuring the UV-Vis spectra. This is the same procedure we follow
when measuring actual experimental samples. The UV-Vis spectra of the calibration with the
calibration curve is seen in Fig. 3.13. The y-axis of the calibration curve does not represent the
peak absorbance of the UV-Vis spectra, but the peak minus the absorbance at 860 nm. This is
to account for the background that might be different from experiment to experiment. Some of
our electrolytes after reaction are turbid or have a slight color change because of decomposition
products from the counter electrode. These compounds will shift the UV-Vis spectra upwards,

which makes the measurement of ammonia unprecise.
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Figure 3.13: Calibration of ammonia from non-aqueous solution by Indophenol method. A UV-Vis

spectra of the calibration solutions. B Calibration curve of ammonia from non-aqueous
solution.

Even with this countermeasure, ammonia detection might be questionable due to drifts in the
UV-Vis itself or different batches of indophenol reagents. A method to mitigate these issues is
by standard addition. This was used in literature to detect ammonia by Suryanto et al. [55]. To
measure the ammonia content of you sample ¢, several samples are taken and to all except one

an increasing amount of ammonia ¢, is added. Then the absorbance is plotted versus the added
amount of ammonia, as seen in Fig. 3.14.
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Figure 3.14: Standard addition method for ammonia detection with UV-Vis.

The intercept with the x-axis is the unknown ammonia content of your sample ¢ and can be
determined by the slope m and intercept with the y-axis b, as seen in 3.23. The error s, can be
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calculated by error propagation from the error of b (s;) and m (sy;), which are obtained from
linear regression.

b
co=—2 (3.23)

Se= \/c)%- (%’)zc,%- (%’")2 (3.24)

The big advantage of the standard addition method is that it takes into account fluctuations
from the UV-Vis equipment, the indophenol reagents and most importantly the electrolyte
itself. Different reaction conditions like salt concentration or decomposition might influence
the formation of the indophenol dye. This makes the standard addition method much more
trustworthy than a simple calibration curve.

To test the performance of the standard addition method in our non-aqueous system, two
measurements were performed. One, with a sample of known ammonia content of 120 nmol
and one with a sample from an actual experiment of unknown ammonia content. Both should
ideally give the same slope. The results of the UV-Vis measurements and the relative error from

the calibration measurement are shown in Fig. 3.15 and Table 3.1, respectively.
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Figure 3.15: Implementation of standard addition method to the Indophenol measurement. The green
curve is a measurement performed only with known calibration liquids, whereas the blue
curve is a measurement of an actual unknown concentration of an experiment.

Table 3.1: Relative error of standard addition method.

Added ammonia [nmol] Measured Ammonia [nmol] Rel. Error [%]

120 114 £ 0.003 6
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As seenin n Fig. 3.15, the slope of both measurements vary slightly from each other. This might
be due to the influence of the electrolyte residuals like Li* ions and decomposition products
from THEF. In fact, it was observed in literature before that metal cations as well as organic
solvents have an effect on the indophenol measurement [90]. In this study the authors also
investigated the performance of the indophenol method by measuring calibration liquids in a

vast range of concentrations.
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Figure 3.16: Performance of indophenol method for detection of ammonia and comparison to Nessler
method and ion chromatography [90].

The data in Fig. 3.16 shows clearly that indophenol is only accurate in a small concentration
window of around 0.5 - 2 ppm. All these facts, and the relative high error seen in Table 3.1
lead to the conclusion that the detection of ammonia via the indophenol method is not the most

robust and has to be used carefully.

3.3.2 lon Chromatography

Another way to quantify ammonia, or in this case ammonium, is through IC. As already seen in
Fig. 3.16 the IC is more accurate than the indophenol method in a wider concentration range.

The schematic of a typical ion chromatograph is shown in Fig. 3.17.
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Figure 3.17: Schematic of a typical ion chromatograph [91].

Chromatography in general describes a separation method where the substance of interest is
carried in a mobile phase and separated in a stationary phase. Examples of methods include
gas-chromatography, high performance liquid chromatography, thin-layer chromatography and
ion chromatography [92]. IC was first introduced by Small et al. in 1975 [93] and has since then
become an important method in analytic chemistry to separate ions. The component responsible
for the separation is the stationary phase, or column in IC, due to different strength of adsorption
and hence time of desorption of the analytes. Therefore, it is important to chose the right column
for the substances that one needs to separate. In our case we were interested in ammonium,
which is a cation that is why we chose a cation-exchange column with carboxyl groups and
particle size of 5 um (Metrohm, Metrosep C6 6.1051.XXO0). This column has a high resolution
to distinguish between ammonium, lithium and sodium ions. As is seen from Fig. 3.17, the
sample is carried by the eluent, in our case 3.3 mM HNO; with 10 vol.% acetone. After the
separation in the column, the solvent signal is suppressed and the detection of the separated
1ons are conducted in a conductivity detector. Finally, the chromatogram is given as conductivity
versus time.

Since the IC and the column was optimized for aqueous samples, it was necessary to check if
our organic solvent THF will have an influence on the measurement. For that, an aqueous 10
ppm solution of ammonium was tested without THF and with 10 vol.% added THF. The effect
of THF was clearly visible as shown in Fig. 3.18 A. THF causes a upward shift of the whole
chromatogram, causing the ammonia peak at 7.9 min to become unreliable. To solve this issue
an organic solvent can be added to the eluent, which helps to flush out THF more quickly from
the column. As seen in Fig. 3.18 B the addition of 10 vol.% acetone helped to diminish the
effect of THF.
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Figure 3.18: Effect of eluent on ammonia signal. A Influence of THF on the chromatogram with a 3.3
mM HNOj eluent. B Influence of THF on the chromatogram with a 3.3 mM HNO;, 10
vol.% acetone eluent.

With the optimized eluent, an aqueous calibration of ammonia was performed, with the results
shown in Fig. 3.19. The calibration curve in Fig. 3.19 B is obtained by integrating the peaks
of the chromatogram and plotting it versus the known ammonium content. As seen from the
R? factor, the IC gives very accurate data in aqueous solutions. To confirm that the calibration
curve is always accurate, a standard solution of ammonium should be tested regularity about
once a month.
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Figure 3.19: Calibration of ammonium in aqueous solution by ion chromatography. A Chromatogram
of the calibration with the insert on the ammonium peak in B. C Calibration curve of
ammonium in aqueous solution.

Before we were able to use the IC for ammonium detection in our system we have to make sure
that the IC measures accurately in our non-aqueous electrolytes. Our standard electrolytes are
typically a THF based electrolyte with 0.3-1M Li salt concentration. Therefore, we needed to
analyse the effect of both THF and Li salt on the ammonium measurement. For that we prepared
an aqueous ammonium stock solution with the concentration of 120 uM (Stock), a solution A
(0.1 mL THF + 9.9 mL Stock) and solution B (I mL 1 M LiBF, in THF + 9 mL Stock). Then
different amounts of A and B were added into Stock and the measured area compared to the
expected area of ammonium calculated with the calibration curve in Fig. 3.19 C. The exact

procedure is listed in Table 3.2 and 3.3 and the results are shown in Fig. 3.20.
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Figure 3.20: Calibration of ammonium in non-aqueous solution by ion chromatography. A Chro-
matogramm of the calibration with the insert on the ammonium peak in B. The effect of
THF (blue) and Li-salt (green) on the chromatogramm are analyzed.

Table 3.2: Relative error of addition of THF into the IC sample.

Added Stock [mL] Added A [mL] Expected area Measured area Rel. Error [%]

4.8 0.2 0.518 0.517 0.2
4.6 0.4 0.518 0.515 0.5
4.2 0.81 0.517 0.513 0.8
3.8 1.22 0.517 0.513 0.7
34 1.62 0.516 0.512 0.8
0 5 0.513 0.506 1.3

Table 3.3: Relative error of addition of THF and Li salt into the IC sample.

Added Stock [mL] Added B [mL] Expected area Measured area Rel. Error [%]

4.6 0.40 0.514 0.509 1
4.2 0.81 0.510 0.503 1.3
3.8 1.22 0.505 0.502 0.7
3.4 1.62 0.501 0.497 0.9
0 5 0.466 0.469 -0.6

The blue lines in Fig. 3.20 show the effect of THF on the ammonium measurement. It is seen that
increasing amounts of THF shifts the ammonium peak slightly to earlier retention times but the

area stays the same, with the relative errors shown in Table 3.2. The effect of Li-salt in addition
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to THF is seen in the green lines in Fig. 3.20. A big peak due to Li* is seen around 6 min, which
however does not interfere with out ammonium peak at 10.6 min. The detail chromatogram in
Fig. 3.20 B shown that the increasing Li* content shifts the ammonium peak to more positive
retention times, but does not influence the area. In conclusion, these results confirm that we can

measure our non-aqueous samples as long as they are diluted by a factor of 10 or more.

3.4 Characterization Methods

Several characterization techniques were used throughout the thesis, most of which were for the
ex-situ characterization of the electrode after reaction to identify the deposition and SEI layer.
It must be noted here that the SEI layer can only be correctly characterized in-situ, since it will
already change once the applied current or potential has stopped. However, because during the
duration of the PhD it was not feasible to do in-sifu experiments, several air and water free

characterization methods were applied to gain information about the SEI layer.

3.4.1 X-ray Photoelectron Spectroscopy (XPS)

X-ray Photoelectron Spectroscopy (XPS) is a technique that can identify and quantify the
elements and chemical states thereof in a sample, with the exception of H and He. It is based on
the photoelectric effect, which describes the emission of photo-electrons upon radiation. During
the measurement the sample is hit with X-rays of a known energy (E,,), which remove electrons
out of the different orbitals of the elements, whose kinetic energy (Ey;,) is then measured. When
accounting for the instrument specific work function ¢, the element specific binding energies

Ep;, can be calculated as follows [94]:

Epin = Epp—Egin—9¢ (3.25)

The measurement must take place in ultra high vacuum (UHV) since otherwise the electrons
could not travel to the detector. This is also the reason why this method is so surface sensitive
(< 2nm), since only the electrons emitted from the topmost layers can reach the detector [95].

Not only is this method able to determine the elemental composition of the sample, it can also
give information about the neighboring elements and oxidation state through the shift in Ep;,.
The binding energies of the electrons will shift to higher values if close to a more electro-
negative element or with increasing oxidation state and vice versa. The sensitivity is highly
dependent on the cross section of the specific element, which generally increases with atom
number. Overall, the detection limits are around the ppt - ppm levels and can be tuned by

changing the measurement conditions such as dwell time or scan number.
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In this work XPS was used to characterize the composition of the SEI layer and electrode deposit
through an air and moisture free transfer arm. Furthermore, the purity of electrodeposited porous

Cu electrodes was checked with this method.

3.4.2 X-ray Diffraction (XRD)

X-ray diffraction can qualify crystalline phases through identification of their crystal structures
and lattice parameters. In this measurement X-rays with wavelength of A are irradiated upon
the sample and scattered elastically. Only if the Bragg equation in (3.26) is fulfilled will the
X-rays interfere constructively, which will lead to a detectable signal:

nA =2d-sin® (3.26)

The Bragg equation is visually depicted in Fig. 3.21.

@
\ dsin®

Figure 3.21: Schematic of constructive interference of X-rays according to Braggs law.

Since this method is based on the periodicity of the lattice, only crystalline samples will give
sharp peaks. The peak position (in ) can then be used to calculate the lattice spacing d, which
is characteristic for different materials. In addition to the different crystal phases in a sample,
the crystal size L can also be determined through the width () of the reflections. This relation

is governed by the Scherrer equation [96]:

KA
~ Bcos®

(3.27)

K is a constant that is often set as 1 [95]. From the Scherrer equation it is clear that smaller
crystals give wider peaks and vice versa. This method is a good approximation of crystal size,
however should be confirmed with other methods.

Similar with the XPS, XRD was used to identify species in the SEI layer and deposit of the WE
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after reaction without exposure to air and moisture. Since XPS can determine elemental com-

position and XRD can characterize crystal phases these measurements are complimentary.

3.4.3 Scanning Electron Microscopy - Energy Dispersive X-ray
Spectroscopy (SEM-EDX)

In scanning electron microscopy (SEM) the morphology of a conductive sample can be inves-
tigated through irradiation with an electron beam of typically 1-30 keV which gives a depth
resolution in the nm - ym regime [97]. The interaction of the electron beam with the sample and
the resulting detectable signals is seen in Fig. 3.22.

electron beam
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Thickness atomic composition

Secondary Electrons (SE)
Topographical information (SEM)
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Scattering

Transmitted Electrons
morphelogical information (TEM)

Figure 3.22: Interaction of an electron beam with a sample and the resulting detectable signals. [97]

The microscope can either be run in secondary electron (SE) or backscattered electron (BSE)
mode. The first gives topographical information since the detected electrons come from the
surface region of the sample, whereas the latter contains information about the atomic number,
since heavier atoms scatter more efficiently and appear therefore brighter. The resolution of both
lie in the low nm regime [95]. Additionally, information about the elemental composition of the
sample can be gained though detection of the characteristic X-rays in the energy dispersive
X-ray (EDX) mode. There the incoming electrons will excite an electron sitting in the inner
shell of an element. The resulting hole will then be filled with electrons from outer shells and

during the process X-rays with characteristic energies are released [98].
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To check the morphologies of the high surface area electrodes, SEM was applied in this work.
Moreover, the degree of deposition coverage was confirmed by EDX.

3.4.4 Quadrupol Mass Spectrometry (QMS)

A quadropol mass spectrometer analyses the mass of the incoming charged species through
separation of their % ratio. It can also be coupled to a chromatogram, where the sample is
already separated, like in a GC-MS. A schematic setup of a QMS analyzer is shown in Fig.
3.23. The mass selecting component is the quadrupole, which is made out of four cylindrical
metal rods. The rods opposite to each other are electrically connected, in which one pair is
connected to a positive direct voltage source U and the other pair to a negative one. In addition,
a modulated high-frequency potential V(- cos®t is applied to each pair. If the ions enter the
quadrupole along the z-axis they start to oscillate in the x- and y-directions. Depending on the
applied potentials only ions with a certain % ratio can reach the detector, whereas the other ions

are screened out. [99]

TO
DETECTOR

quadrupole rods

exit slit

IONS (to detector)

resonant ion
(detected)

non-resonance ion

source slit
(not detected)

Figure 3.23: Schematic setup of a quadrupole mass analyzer. [100]

The total ion current represents the amount of ions detected across the entire range of masses at
each time. The additional information of the nature of the components are gained from the
mass spectra, which shows the intensity of the ions of different % ratio. Each component
showcases an unique fragmentation pattern, which is used to identify the substance. Most
analysis softwares contain a database with which it is possible to compare the recorded spectra
with and therefore obtain the information about the nature of one analyte.

The QMS was used in two different ways in this thesis. For once a QMS was attached to the
autoclave setup described in section 3.1 to analyse the gas composition. Additionally, a QMS
was attached to a GC to determine the organic decomposition products in the electrolyte after
reaction.
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Ammonia Synthesis

Small amounts of O, and H,O are detrimental for the industrial Haber-Bosch synthesis as it
poisons the catalyst [27]. To investigate the effect of O, in our LIMEAS system, small amounts
of O, were added in the gas feed of the autoclave setup and the exact concentration was
measured with a MS. This chapter will discuss the extraordinary finding that little amounts of O,
in the gas feed is increasing the FE of the process. This is very counter-intuitive, since one would
think that O, will decrease the FE by forming Li,O or by inducing oxygen reduction reaction
(ORR). The whole study on the effect on O, lead to two published works, namely Paper 1 [101]
and Paper 4 [70], which will be discussed in this chapter. Paper 1 was a collaboration between
several people in the ammonia team, but I want to highlight the contribution of Suzanne, who
saw this effect initially and did the experimental work together with me, and Mattia, who
helped with designing the set-up and doing the air free XPS measurements. Moreover, I want to
emphasize the contribution of the theory collaborators Michael, Vanessa and Yuanyuan, whose
data were essential on explaining the effect of O,.

The second publication was lead by Rokas, who evaluated the effect of O, on the decomposition
products of the electrolyte, which can be seen as a follow up to the previous publication of
decomposition without O, in different solvents [60]. The following sections will firstly cover
all the information that was published in Paper 1 [_lﬂ] and then discuss the results from Paper
4 [70].

4.1 Effect of Oxygen on the Faradaic Efficiency

All experiments were conducted in the autoclave at 10 or 20 bar reaction pressure with the gas
mixing setup previously shown in 3.1. The WE used was a Mo foil of 1.8 cm? with a Pt mesh
CE and Pt wire RE. 0.3 M LiClO, with 0.17 M EtOH in THF was used as a electrolyte and
the applied current was —4 mA/cm? until 50 C were reached or the cell potential exceeded the
limit of the potentiostat. For a more detailed description of the experimental procedure please

see the supplementary information of Paper 1 [101], which is given in the Appendix B.2. Fig.
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4.1 shows the resulting FE as function of molar O, content X, and O, partial pressure ppo
that were calculated as follows:

1
Xy = — 02— (4.1)
02
Toa+Ing
P02 =X02 *Prot (4.2)

with I, and Iy, being the ion currents of the MS of mass 32 and 28, respectively and py,; being
the total reaction pressure of either 10 or 20 bar.
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Figure 4.1: Effect of A molar oxygen content B oxygen partial pressure on the faradaic efficiency of
LiMEAS at 10 and 20 bar. Data from Paper 1 [101].

It is clearly visible that small amounts of O, have a largely positive impact on the FE at both
pressures. The optimum at 20 bar lies around 0.7 - 0.8 mol % and at around twice that value
for the experiments at 10 bar. If plotted against the partial pressure, the optimum O, content
aligns for both reaction pressures at around 0.15 bar. This shows that the concentration of O, is
more important to determine the optimum O, content rather than the molar ratio. Moreover, the
highest achievable FE is higher at 20 bar at around 78 £ 1.3 %, whereas at 10 bar it is lower at
53.8 & 1.1 %, most likely due to N,, mass transport limitations. This leads to a maximum EE of
11.7 £ 0.5 % at 20 bar.

After the peak, the FE drops rapidly until it reaches 0 % which is in accordance with earlier
work by Tsuneto et al., where they observed 0 % FE when using synthetic air (20 % O,) at
50bar [52].
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4.2 Effect of Oxygen on the Stability

Additionally to the positive effect of O, on the FE, it also exhibits an influence on the overall
stability of the system. It is well established that the LIMEAS is unstable due to the overloading
of the WE potential over time [56, 62]. It is hypothesized that this destabilization is caused by
rapid and uncontrolled Li plating on the WE, which leads to a larger amount of reactive Li being
plated than N, is available. This favors Li to react with other molecules, like THF or EtOH to
form passivating side products, which then lead to these immensely negative potentials [62].
Hence, balancing the Li deposition rate with the incoming rate of N, and H* is a key factor for
the success of LIMEAS. This will be later discussed in more detail.

As seen in Fig. 4.2 A, the WE without O, starts to destabilize immediately and decreases by
10V after 20 min of operation. Since the CE potential stays quite stable, independent from the
O, content, only one representative line for the CE potential is shown in Fig. 4.2 A. To better
quantify the stability we came up with the measure of tg,p1e, Which is defined as the time where
the WE potential remains within 1V of the starting potential. The relation between tg,p1e and

molar O, content is given in Fig. 4.2 B.
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Figure 4.2: Effect of O, on the A WE potential and B tgpje at 20 bar. Data from Paper 1 [101].

A clear linear trend can be observed between stability and O, content with all the experiments

being stable over 0.9 mol % O,, which is why those points are summarized in tgapje 116+ min.
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Therefore, it can be concluded that O, must play a role in on the WE and more specifically
make the Li on the WE more stable against decomposition to passivating substances.

It should be noted here that the word stable is used in a relative sense. Since the experiments
only lasted for 116 min, we have no way of predicting the long time stability (days). However,
a previous published cycling strategy, where the Li was plated for 1 min, followed by a 3 min
resting phase at OCV achieved stability over days and was also applied to our system with
added O,. The details will be shown below in section 4.4.

4.3 Importance of correct gas mixing

As the whole study depends on the correct measure of O, content, a large emphasis needs to be
put on the correct gas mixing and measuring procedure. At the beginning of the study we did
not have the MFC setup and solely relied on the MS to get the correct O, content. To fill in the
gas in that case, purified 6.0 N,, was used to pump and purge the autoclave 10 times, to remove
all residual air. Then the reactor was filled again with 6.0 N, to a certain pressure and topped
off with synthetic air (20 % O, in N,) to reaction pressure to achieve the desired O, content
that was determined by the MS after 20 min of equilibration time. With the MFC setup the
procedure stays the same with the only difference that the pump and purge process was already
done with the correct N, / O, gas mixture instead of pure N, and also filled to reaction pressure
with that mixture. This, in theory should allow a homogeneous distribution of O, in N, not only
in the gas phase but also in the electrolyte phase, whereas the "incorrect" mixing without MFC
would lead to a relatively higher amount of N, being dissolved in the electrolyte than O,.
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Figure 4.3: Effect of correct gas mixing with mass flow controllers on the FE A and tg,;je B. Data from
Paper 1 [101].
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To compare the differences between these two procedures, Fig. 4.3 shows the effect of gas
mixing with and without MFC on the FE and tg,pe. It seems like the difference in gas mixing
did not have a huge influence on the obtained FE. This could be caused by the fact that during
the duration of the experiment the O, is being distributed homogenously in the electrolyte,
aided by the stirrer induced mass transport. However, a bigger difference is seen in Fig. 4.3 B
in the tg,pe With and without MFC. The WE potential seems less stable at similar measured
O, contents in the gas phase, suggesting that the O, in the electrolyte phase is less than in the
gas phase in the case of incorrect gas mixing, due to the reasons given above. Therefore, it
seems that tgaple is more dependent on the O, content at the beginning of the experiment in the
electrolyte phase, which is a hint to the role of O, in the system. This will be discussed in the
section regarding the role of O, in the system.

Even with the MFC setup it was not possible to get the exact desired O, contents every time.
The differences between set O, content by the MFC and measured O, content by the MS is
seen in Fig. 4.4 and the relative errors are given in Tab 4.1.
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Figure 4.4: Difference between set O, content by MFCs and measured O, content by MS.
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Table 4.1: Relative error of set O, content by MFCs and measured O, content by
MS.

Set O, content [mol %] Measured O, content [mol %] Rel. Error [%]

0.1 0.09 10.00
0.3 0.29 3.33
0.4 0.42 -5.00
0.8 0.76 5.00
0.9 0.84 6.67
1.0 0.91 9.00
1.1 1.11 -0.91
1.4 1.22 12.86
1.6 1.42 11.25
1.8 1.66 7.78

There is both a negative and positive error with a trend towards larger errors at the higher
oxygen content side. Due to these discrepancies it is not possible to get the exact O, content
than what is desired, which makes reproducing the exact same experiment hard. That is why,
instead of repeating the same O, content experiments several times, we opted to conduct several
experiments in a smaller O, content window, especially at the optimum region.

This off-set could be due to imperfect gas mixing in the tubes, especially since the N, gas flow
is much higher than the synthetic air flow, or due to uncertainties caused by the control box,
which is an older model and might not be entirely compatible with the MFCs. Nevertheless, the
measured value by the MS is deemed accurate and trustworthy and therefore used throughout
the whole work. A typical MS spectrum is shown in Fig. 4.5, including the initial pump and
purge process.
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Figure 4.5: Mass spectrum of a typical O, enhanced LIMEAS experiment at 20 bar. Data from Paper 1
[101].

First, the autoclave containing an empty glass cell is purged with Ar to remove air. Then the
electrolyte is introduced, the lid closed and the reactor is filled to 10 bar and released to 3 bar
10 times with the correct reaction gas mixture, to change out all the gas in the autoclave. Then
the system is given time to equilibrate for 20 min at OCV to get a stable MS signal and the
exact O, content is recorded at this time. During the duration of the experiment the O, and N,
signals do not vary significantly and hence the O, content also stays constant. An increase in the
H2 is observed due to HER though the exact onset can not be determined, since the H2 needs
to diffuse though the electrolyte and to the orifice, which takes an unknown amount of time.
It is proven however, that HER takes place as simultaneously to NH; formation. A detailed
electrochemical mass-spectrometry study with high time resolution has been done by Krempl
et al. [102]. The MS also does not show an NH; signal, since the produced NH; is mainly in
the ele%lyte phase and is dissolved as NH 4+ due to electrolyte acidification from the counter
electrode reaction [59]. To prove this further, we have released the gas for some experiments
through an acid trap and measured no significant ammonia.

4.4 Explanation of the enhancing effect of Oxygen

After observing the counter-intuitive positive effect of small amounts of O, we have tried to
reasonably explain this phenomenon. The right side of the maximum, where FE falls with

increasing O, content is easy to explain. This could be due to two side reactions, namely ORR
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or Li20 formation. Since water is formed during ORR, the water content was measured before
and after reaction with a Karl-Fisher titrator and the results are plotted in Fig 4.6.
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Figure 4.6: Increase of H,O content at different oxygen concentrations at 10 and 20 bar. Data from Paper
1 [101].

Since water is also made during an experiment without added O,, due to possible C1O,~
reduction to Cl1O; ™ or other side reactions, it is important to compare the points that have run the
same amount of time. The hollow points represent experiments that overloaded before reaching
50 C and hence did not run the whole 116 min. All filled points ran until 50 C and therefore the
same amount of time. With these data points it is clear that there is a linear relationship between
added O, and water increase, which can be caused by ORR and proves our first suspicion of the
role of O, in the system. The hypothesis of Li,O formation will be discussed in the later part of

electrode characterization.

A 0,1% 02 (33,0% FE) B 0,77% 02 (73,6%FE) C 2,51% 02 (0%FE)

Figure 4.7: Front and back images of the Mo electrode after electrochemistry for A 0, B 0.8 and 3 mol
% oxygen. Data from Paper 1 [101].
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The more difficult part is to explain why small amounts of O, enhances the FE towards NH;.
From the previous section we already know that O, has an influence on the WE rather than CE
and probably effects the Li deposition in making the Li more resistant to side reactions. This
fact is solidified when looking at the images in Fig. 4.7, which show the front and backside of
the Mo WE after electrochemistry for different O, contents. The front side is the side which
faces the CE and the backside is the side that faces away from the CE. In Fig. 4.7 A, on the
left side of the optimum O, content, little to no physical deposit can be seen on either front or
backside. At the optimum O, content in Fig. 4.7 B a thick grayish deposition is observed on
both sides of the electrode. And lastly, on the ?ght side of the optimum the backside is blank
again but a black deposit can be observed on the front side. These differences show clearly that
O, has an influence on the deposition behavior of Li, making it more stable at the optimal O,
content and most likely changing the composition completely at the higher O, content side.

The component that stabilizes Li towards decomposition in organic electrolytes is commonly
known as solid electrolyte interphase layer (SEI) in the battery literature, which was described
in chapter 2.2.2. All these above stated observations hint towards the fact that O, in a way

influences the SEI layer in making metallic Li more stable and therefore more accessible to
react with N,, instead of participating in side reactions with the electrolyte. As the SEI layer is
known to be built in the initial phase of Li deposition, our observation that O, content in the
electrolyte in the beginning of an experiment has a huge effect also supports this hypothesis.To
prove the SEI modification through addition of O, we consulted Li metal battery literature and
found the work by Wang et al. which state that the SET layer with O, forms a homogenous SEI
layer that allows even and consistent Li deposition [103]. The effect is visually depicted in Fig.

48.
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Figure 4.8: Effect of O, on the SEI and Li plating behavior in Li metal batteries. [@]
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They observe better cycling performance of their Li-metal batteries in O, containing atmo-
sphere and attribute this to a LiOH rich SEI layer. This SEI layer is responsible for having more

even and less porous Li deposition, which they observed with SEM. Albeit the slight differences

in electrolyte (1M LiTFSI in tetraglyme) our systems are quite comparable, having a Li salt in an

ether based electrolyte, hence transferring their observations and explanations to our system is
not too far-fetched. In their follow-up work, they investigated the O,-modified SEI layer further,

by putting the SEI layer in contact with the radical (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl

(TEMPO) [104]. Then they measured the concentration of this radical by in-operando electron

paramagnetic resonance (EPR) spectroscopy and the decomposition products of TEMPO with
ex-situ solid-state and solution nuclear magnetic resonance (NMR) spectroscopy. They found
that the TEMPO concentration with O,-modified SEI is more stable and shows less decompo-
sition in comparison to a SEI layer formed under Ar. This means that the diffusion of TEMPO

through the O,-modified SET layer is hindered or slowed down and therefore keeps the Li more

protected from the electrolyte, which is in accordance to our hypothesis.

Our long time cycling experiments with added O, are further evidence of our theory. The

cycling procedure developed by Andersen et al. [62] cycles between Li plating currents and

resting phases at OCV. This improves the stability, since it avoids unwanted accumulation of

highly reactant Li on the WE surface. Furthermore, it enhances the FE due to the fact that
Li reacts during OCV with N, to form ammonia. At the same conditions as the 20 bar O,
enhancement experiments, the cycling method improved the FE from 24.7 + 0.5 % without

cycling t0 40.9 £ 2.3 % FE with cycling. We applied the same cycling procedure to two different

O, contents and the results are shown in Fig. 4.9.
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Figure 4.9: A Full CP and B insert of a cycling experiment with optimum concentration of O, at 20 bar.
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4 Effect of Oxygen on the Li-mediated Ammonia Synthesis

The CPs in Fig 4.9 A and B show that the WE potential can be kept sable for a longer period
of time, but more interestingly the graph in Fig 4.9 C shows that the cycling method does not
significantly improve the FE. This means that during the resting time the Li on the surface does
not additionally react with N, to form more NHj, since N, diffusion is likely being slowed

down by the modified SEI layer.

4.4.1 Theoretical Explanation of the Effect of O,

To further solidify our claim, our theory collaborators Michael, Vanessa and Yuanyuan applied
our gained experimental knowledge to their previously established mikro-kinetic model [62].
This model assumes that the diffusion of reactants (Li*, H* and N,) to the electrode surface
is rate limiting. This assumption is fair, given the fact that both electrochemical and chemical
reaction steps should proceed at a higher rate, because of the highly negative potentials and

reactivity of metallic Li [105, 106]. Plotting the relative diffusion rates of rf—; and ”L\’—lz as a

function of the FE results in the heatmap seen in Fig. 4.10.
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Figure 4.10: A Heatmap of the predicted FE as a function of the ratio of nitrogen to lithium (x-axis)
and proton to lithium (y-axis) diffusion rates. B Faradaic efficiency dependence on Li*
diffusion rate. Data from Paper 1 [101].

The dashed green line separates the N, and H* limited regime. In the N, limited regime, for
example at 1 bar, decreasing the HT availability by reducing the concentration of the H* source

(moving vertically down in the heatmap) or increasing the N, pressure (moving horizontally

61



4 Effect of Oxygen on the Li-mediated Ammonia Synthesis

right) would lead to higher FE. However, the large increase in FE can not be explained by
horizontal or vertical movements in the heatmap. A diagonal movement is more likely, which
is shown in the shaded area, is needed to achieve a FE increase from 25 % (red star) to 80 %
(purple star). This diagonal movement can only be achieved when the rate of Li* diffusion, ry .,
is slowed down relative to the diffusion rates of HY, ry,, and N,, ry. This conclusion again is
consistent with our claim. Moreover, the heatmap also correctly predicts the observed behavior
at different pressures, giving it further credibility. In the N, limited regime (10 bar) moving
diagonally with the same slope results to lower maximum FE than at 20 bar. The maximum FE
is also predicted here to be concentration or rather O, partial pressure dependent, since it is a
competition between ORR and NRR.

4.4.2 Measuring the Oxygen Modified Solid Electrolyte Interphase

Now with our hypothesis strongly supported both by experimental results and theoretical mod-
eling, it is necessary to also find direct prove experimentally by probing the SEI layer. As stated
earlier, investigating the SEI layer is not trivial due to its water and air sensitivity, however we
tried to analyze it to the best of our ability within our own facilities. The methods used here
were XPS and XRD, both made as air and moisture free as possible. For the XPS investigations
the reactions were performed in an autoclave that is inside the glovebox. After the reaction the
WE was put inside a transfer arm that can be seen in Fig. 4.11.

Figure 4.11: Home-built XPS transfer arm attached to the transfer chamber. Picture from Paper 1 [101].
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4 Effect of Oxygen on the Li-mediated Ammonia Synthesis

The transfer arm with the sample was attached to the transfer chamber and then the arm was

quickly pumped down to pressures below 2 - 10 mbar and introduced to the measuring

chamber which had pressures below 9 - 1

0-10

mbar. Therefore, the sample only experienced

Ar atmosphere or UHV. The sample was not Ar sputtered to avoid any damage of the SEI layer.

In total three different O, conditions were investigated, below the optimum, at the optimum

and above the optimum O, concentration. The discussion here will solely focus on the detail

spectra but the whole survey spectra is provided in the Appendix B.2. The exact measurement

conditions and parameters are provided in the supplementary information of Paper 1 [101],

which is given in the Appendix B.2.
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Figure 4.12: XPS detail spectra of the Mo electrode after electrochemistry for A 0, B optimum 0.8 and
C 3 mol % oxygen at 20 bar. Data from Paper 1 [101].

The most interesting feature is seen in the N Is spectra, where only a peak is visible in the

case of optimum 0.8 mol % O,. This aligns with the fact that we have the highest ammonia

formation rate under these conditions. Due to the predicted reaction mechanism we attribute

this peak to Li;N. The peak position also corresponds well with values observed in literature
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4 Effect of Oxygen on the Li-mediated Ammonia Synthesis

[107, 108], being shifted to lower binding energies, which hint towards metal nitrides. However,
other species such as LixNyH; can not be disregarded. The fact that we only see a N 1s feature
in the optimum O, conditions shows that the reaction of Li with N, is more favored under
these conditions. Hence, N, diffusion through the SEI layer might be favored compared to H*
diffusion with this SEI layer.

The Cls spectra in all three cases looks similar, with C-C single bonds, which are partly
due to adventitious C. More interestingly, the spectra shows a broad signal that belongs to
organic carbon species, which might be the SEI layer or other decomposition of THF and/ or
EtOH. Additionally, the shifted signal to higher binding energies hint towards C-X bonds with
neighboring atoms of higher electro-negativity. In this case C-Cl or C-O bonds are both possible
and could be part of the SEI layer. The same C1s peaks are also seen in the work of Wang et al.
[103] where they observe a broad C=0 signal at 288 eV and Li,CO; at 290 eV. The initials of
aEak at 280 eV can be assigned to the Cl 2s signal of C10,~.

Some visible differences can also be seen in the Cl 2p spectra of the three different experiments.
The spectra with pure N, as reaction atmosphere exhibits more species than the other two,
namely some C-Cl and CIO; peaks. These additional substances could be the reason for the
destabilization of the working electrode. For the experiments with 0.8 and 3.0 mol % O, it
seems like only the salt LiClO, is present at the surface.

All the Li 1s and O 1s spectra are showing only one broad peak with no clear differences. Since
alot of Li-X and O-X bonds are in the same binding energy regime [109-111], it is hard to gain

any meaningful conclusions from these spectra.

For the XRD investigation we used a holder that was fitted with a polyetheretherketone (PEEK)
dome which is tightened onto an o-ring leading to an air-tight configuration. A picture of this
setup together with the tool to fasten it is given in Fig. 4.13 A. The sample preparation was
similar to the previous one, where the experiment was conducted in an autoclave within the
glovebox and the electrode was then attached to the sample holder using a piece of carbon tape.
Then the PEEK dome was tightened around the holder and the assembled setup was brought to
the XRD measuring device. We chose PEEK since it only has few Bragg reflections. The XRD

patterns are seen in Fig. 4.13 B.
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Figure 4.13: XRD pattern of the electrode after electrochemistry for A 0, B optimum 0.8 and 3 mol %
oxygen at 20 bar. Data from Paper 1 [101].

All three samples show clear patterns of Mo and LiCIO,, which are expected but have no
relation to the SEI layer. The other substance that is clearly visible in the samples with 0.8 and
3 mol % O,, but only faintly visible in the sample without added O,, is LiOH. LiOH has been
previously observed in SEI layers of Li-O, batteries [112]. The peaks are more pronounced in
the sample with the highest O, content of 3 mol %, which is also in accordance to literature,
that predicts LiOH formation due to O2 crossover [103, 113]. Moreover, Zheng et al. calculated
that the diffusion barrier of Li* through LiOH is r%iv?y high and therefore Li* diffusion is
hindered, which supports our hypothesis. A pattern of hydrated LiClO, can only be observed in
the 3 mol % O, sample due to the increased amount of H,O formed by ORR. Most interestingly,
the phase of Li,O is also obtained in the highest O, amount sample, as was predicted in the

previous section 4.4 and explains the rapid decrease of FE at higher O, contents.

4.5 Effect of O, on the electrolyte decomposition products

The evaluation of the decomposition products at different O, contents gives further insights
into the role of O2 in the LiIMEAS. For this, O2 enhancement experiments were conducted
the same way as mentioned above and the electrolyte was analyzed immediately afterwards in
the GC-MS with minimal air and moisture exposure. Moreover, the deposit was also analysed
by NMR to characterize the species in the deposit. For a detailed experimental procedure of

the electrochemistry and analysis, please find the supplementary information of Paper 4 in the
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Appendix B.2.
The NMR results of the dissolved WE deposit in CDCl; are shown in Fig. 4.14.
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Figure 4.14: NMR of the dissolved deposit after electrochemistry at A 0, B optimum 0.8 and 3 mol %
oxygen at 20 bar. Data from Paper 4 [70].

Based on the NMR results, the main organic compound of the deposit is polyTHF. The CH,
groups next to an O atom are at higher chemical shifts of 3.7 ppm and the CH, with further
distance to the O atom are at 1.7 ppm, as was also shown in literature [61, 114]. Interestingly,
the polyTHF signal disappears at an excess of 3 mol % added O,. Most likely, the deposit in
that case is mainly dominated by LixOyH; species. The GC-MS results give more insights into

the various decomposition products in the electrolyte and are summarized in Fig. 4.15 A.
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Figure 4.15: Effect of O, on the electrolyte decomposition products. A Detected decomposition products
without O, (green) and with added O, (blue). B Number and amount of byproducts as a
funtion of O, content. Data from Paper 4 [70].

The detected products without added O, are indicated with green arrows and the ones with
added O, are shown with blue arrows. Different molecules such as oxirane and acetaldehyde
are counted as two products but mesomeric structures like 2,5-dihydrofuran or 4,5-dihydrofuran
are counted as one. The results clearly show that the addition of O, diminishes the number of
side products significantly from 12 to 7. This could also be an explanation for the increase in
WE potential stability that was shown before. The concentration of O, does not seem to matter
in the number of byproducts detected, but after quantification of the byproducts, it does change
the total amount of products as indicated in 4.15 B. The number of byproducts entails polyTHF
that was previously detected with NMR, so that the total number is minimized at highest O,
content but the concentration of decomposition products is lowest at optimum O, contents of
0.8 mol %. However, this total amount also accounts for water, which increases proportionally
to the O, concentration due to ORR.

4.6 Summary

The effect of O, on the LIMEAS was carefully investigated with real world application in mind,
where O, contamination can occur. The results are not only scientifically interesting but also
have a positive impact on future industrial application. With the combined experimental and
computational effort we reached following conclusions:

* Small amounts of O, (0.6-0.8 mol %) increase the FE of LIMEAS at 20 bar reaction
pressure from 24.7 4+ 0.5 % to 78 + 1.3 %, leading to an EE of 11.7 £ 0.5 % . The same
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4 Effect of Oxygen on the Li-mediated Ammonia Synthesis

experiments at 10 bar show that the optimal O, content is dependent on the O, partial
pressure and not molar O, content.

At higher than optimum O, concentrations the FE falls rapidly and reaches 0 % due to
Li,O formation and ORR. The formation of Li,O was verified by air and moisture free
XRD, where only at high O, contents of 3 mol % the pattern of Li,O was observed. ORR
was confirmed by measuring the water content for varying O, concentrations, which gave

a linear correlation.

O, also increases the stability of the WE, most likely due to modification of the SEI layer,

which in turn influences plating behavior of Li.

With theoretical modeling and literature research we conclude that the enhancement in
FE is due to the modification of the SEI through O, which slows down Lit diffusion
relative to H* and N, transport to the electrode surface.

The SEI layer was investigated by air and moisture free XRD and XPS, which show that
the LiOH content is increased with O,. Furthermore, only at the optimum of 0.8 mol %
O,, a N 1s signal was observed, meaning that under these conditions reaction of Li with

N, is more favored.
Lastly, the decomposition products in the electrolyte were investigated with NMR. The

results show that at the optimum of 0.8 mol % O, the total amount of decomposition
byproducts is at its lowest, which might also explain the increased stability of the WE.
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5 Increasing Current Density and Rate

Before starting the project, the highest reported current density was —25 mA/cm? [56], however
the overall cell potentials were very high (> 20 V) and the experiment only lasted for a few
minutes. The goal in our team was to develop high surface area electrodes that can sustain a
current density of at least —100 mA/cm? with reasonable cell potentials and stability. In the
beginning, | tested various substrates with surface structuring of different sizes such as Ni-foam
(structures in mm size), shrink film derived Mo (um) [115] and oxide-derived Cu (nm) [116,

117]. The only prerequisite is that the material should work for LIMEAS, which means it should
not form an alloy with Li. After some initial troubles I found a method that seems promising,
called the hydrogen bubble template (HBT) method, that was described in section 3.2.5, which
deposits porous Cu, or also other metals, on substrates of ones choosing.

This chapter will be divided into two parts. The first part is the verification of the HBT method
for LIMEAS, where this porous Cu was deposited on Ni foam as a substrate and tested for NH;
formation at —100 mA/cm?. The results were published in Paper 2 [118]. For this work I want
to acknowledge Degenhart Hochfilzer for the discussions, especially in the beginning of this
project, and Sarah Groot Shapel who joined me for parts of the experiments.

The second part will cover the optimization of the HBT electrodes by electrolyte design and
changing the substrate for deposition. This work was a result of collaboration between theo-
reticians and experimentalists, which lead to the publication of Paper 5 [119]. For this section I

want to credit Shaofeng Li for the experimental and Yuanyuan Zhou for the theoretical part.

5.1 Verification of Hydrogen Bubble Template Method

To test if the HBT Cu electrode work for LIMEAS, they were synthesized according to proce-
dures from the literature [80] and characterized by SEM, SEM-EDX and XPS. After the purity
was confirmed, the ECSA was determined by capacitive cycling, which was described in section
3.2.4. Then the electrodes were tested at 20 bar for LIMEAS and the results documented. For
the sake of continuity all electrodes that were used for Paper 2, which this section is based on,

will be named HBTCu, as was the case in the publication [118].
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Before starting with the results it is of great importance to define some terms that are necessary
to understand this chapter. Since the focus lies on high surface area electrodes we need to
strictly define the terms geometric surface area, real surface area and ECSA, which is the most
relevant for us. The geometric surface area is what one can measure with a simple ruler and
does not account for porosity or surface morphology. The real surface area accounts for all
these features and can be measured by Brunauer—-Emmett—Teller (BET) isotherms. In our case,
we are interested in the area that is electrochemically active. As stated in section 3.2.4 there are
many ways to measure the ECSA and in this context we chose capacitive cycling. All current

densities hereon will be given as mA/cmgeoz, unless otherwise specified.

5.1.1 Synthesis and Characterization of Cu Deposited on Ni Foam

The deposition method was briefly explained in chapter 3.2.5. For a more detailed description
please find the supporting information of Paper 2 [118] in B.2. After the deposition the elec-
trodes were characterized with SEM to see the high surface area structures. The images of the

substrate Ni foam before and after HBT deposition are given in Fig. 5.1.

Figure 5.1: SEM images of the Ni foam (a-c) before and (d-f) after hydrogen bubble template with Cu.
The deposition conditions were 15 s in an electrolyte of 0.4 M CuSO, + 1.5 M H,S0, at a
current of —5 A. Data obtained from Paper 2 [118].

Even before deposition Ni foam itself has a porous structure with features in the mm regime.
The three-dimensional construct can be roughly divided in two different areas, one being the
topmost round features seen in Fig. 5.1 C and the other one being the inner planes seen

in Fig. 5.1 B. After deposition of porous Cu the real surface area is visibly enhanced with
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deposition morphology considerably different on both of these sub-structures. A closer look on
the morphologies is given in Fig. 5.2.

Figure 5.2: SEM images of the morphologies of HBTCu on the (a) ball-like top section and (b) inner
surface section. The deposition conditions were 15 s in an electrolyte of 0.4 M CuSO, + 1.5
M H,SO, at a current of -5 A. Data obtained from Paper 2 [113].

Here it is clear that the Cu grows differently on both sections of the Ni foam. This is most
likely due to the inhomogeneous current density distribution, which is higher on the top, and
probably also mass transport limitations. The Cu?* concentration inside of the Ni foam will be
reduced more quickly and hence the concentration changes and more HER will occur over time.
These are issues that will be addressed in the later part, where the substrate for deposition was
changed.

s

Figure 5.3: SEM images of the cross sections of Ni foam (a-b) before and (c-d) after hydrogen bubble
template with Cu. The deposition conditions were 15 s in an electrolyte of 0.4 M CuSO, +
1.5 M H,SO, at a current of —5 A. Data obtained from Paper 2 [1138].
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To confirm that the Ni foam was fully covered in Cu, SEM of the cross sections were taken to
observe the inner most parts of the electrode. For that, the electrode was cut in half and taped
standing up with carbon tape before putting it into the microscope. The images are seen in Fig.
5.3. From Fig. 5.3 d it is clear that the whole Ni foam is completely covered with porous Cu.
There is a significant difference between the surface structure of pure Ni foam (Fig. 5.3 b) and
Cu deposited on Ni foam.

Since SEM is only a visual confirmation of the complete coverage of Cu on Ni, the next step
was to check the purity of the electrode with more thorough techniques. Hence, the electrodes
were measured by SEM-EDX (Fig. 5.2) and XPS (Fig. 5.5).

EDS Layered Image 1
» 0 =

Ni Kal

500pm

Figure 5.4: SEM-EDX images of the Ni foam after hydrogen bubble template with Cu. Data obtained
from Paper 2 [118].
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Figure 5.5: A Cu 2p, B Ni 2p, C 1s and D Cls XPS spectra of the Ni foam after hydrogen bubble
template with Cu. Data obtained from Paper 2 [118].

The SEM-EDX revealed mostly Cu with some Ni shining through. The small Ni signal in Fig.
5.2 d is due to the fact that EDX is not a surface sensitive measurement (sensitivity low tm)
[120]. Under these deposition conditions, the thickness of the deposited Cu film is normally in
the low pm regime as well [82], hence some Ni can be seen. The more surface sensitive method
XPS (sensitivity low nm) [121] does not depict any Ni on the surface, as is seen from Fig. 5.5.
The full survey spectra can be seen in Fig. B.2 in the Appendix B.1.2.

Capacitive cycling was chosen to determine the ECSA. The method was briefly explained in
3.2.4. As was explained there, it is necessary to know the specific capacitance Cspec of the
material, in this case Cu, in the electrolyte. Since we will use a 2 M LiClO 4 with 0.17 M EtOH
in the LIMEAS, a 2M LiClO, electrolyte was chosen for the capacitive cycling measurement.

The exact details of the experimental procedure can be found in the supplementary information
of Paper 2 [118] in the Appendix B.2. Briefly, to determine Cypec of Cu, a Cu stub of known
area (0.2 cm?) was polished until the roughness factor is close to 1. Then CVs were measured
in the potential range from 0 to =200 mV vs OCV at scan rates between 10 - 60 mV/s. Since in
our system we only have a pseudo reference Pt electrode, the OCV was chosen as a reference
potential. We found that other groups also used OCV as a reference to measure capacitive
cycling [79]. We determined a Cgpe value of 17 pF/crnz, which is in accordance with predicted

values from literature [B]. The electrochemical data of the Cgpec is shown in Fig. E The same
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procedure was repeated to determine the ECSA of HBTCu. This was done three separate times
on three different HBTCu electrodes and the resulting ECSA was 66.5 + 7.1 cm?. Since the
HBTCu electrode was 0.5 cngeo in size, the roughness factor is 66.5 when considering both
sides of the electrode. This means that if one can normally apply a current density of around -2
mA/cm?gcga on foils, the HBTCu electrodes should sustain a current density of around -130
mA/cmzgeo
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Figure 5.6: Determination of specific capacitance of Cu and ECSA of HBTCu in 2 M LiClO4 in THF
electrolyte with capacitive cycling.A CVs at different scan speeds around 0 to -200 mV vs
OCV. of Cu. B Change in current versus scan speed of Cu. C CVs at different scan speeds
around 0 to -200 mV vs OCV. of HBTCu. D Change in current versus scan speed of HBTCu.
Data obtained from Paper 2 [118].

5.1.2 Experimental Prove of Concept

Up to this point, the standard electrolyte used was 0.3 - 0.5 M Li salt solution in THF with 0.17
M EtOH. However, to utilize high surface area HBTCu electrodes to their fullest potential, the
salt concentration needed to be increased. From literature it is known that the EDL becomes
thinner at higher salt concentrations, which enables the probing of the whole ECSA. This is
phenomenon is depicted in Fig. 5.7 A.
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Figure 5.7: A Visual depiction of thickness of EDL as function of the electrolyte salt concentration.
From low concentration (1 mM, left) to high concentration (1 M, right). B The results
of chronoamperometry of ORR at (a) flat and (b-d) mesoporous Pt electrodes at various
electrolyte concentrations. [122]

At lower electrolyte concentrations the thickness of the EDS might cover parts of the surface
structures and render them invisible and hence decrease the ECSA. Therefore, less current can
be achieved, which is shown in Fig. 5.7 B where Boo et al. measured the current density
of ORR on mesoporous Pt at different electrolyte salt concentrations. Clearly the achievable
current density is proportional to the salt concentration. With this in mind we increased our
salt concentration to 2 M. Another reason for increasing the molarity is to reduce the ohmic
resistance in our setup. Due to the non-aqueous solvent the resistances are quite high (100-
300 Q) and coupled with the high currents this would lead to an increased cell potential due to
iR drop.

The testing of the HBTCu electrodes for LIMEAS was conducted in the autoclave setup previ-
ously described in 3.1. For a more detailed experimental procedure please find the supplemen-
tary information of Paper 2 [118] in the Appendix B.2. The electrochemical data from HBTCu
was compared to plain Cu foil and to previous publications on Mo foil [62]. The resulting FE,
EE and NH; formation rates of HBTCu and Cu are listed in Tab. ﬂ
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Figure 5.8: A Chronopotentiometry and B Linear sweep voltammetry of Cu foil, Mo foil and HBTCuNi
in the LIMEAS at 20 bar. The electrolyte was 2 M LiClO, + 0.17 M EtOH in THF. Data
obtained from Paper 2 [118]. The Mo reference data was taken from [62].

Table 5.1: FE, EE and NH; formation rates of HBTCu and Cu under the same
reaction conditions. Data obtained from Paper 2 [118].

Electrode  FE[%]  EE([%] NH, formation rate [nmol/ (- cmgeo)|

Cufoil 13.6£10 39=£03 1.0£0.1
HBTCu 133 +2.0 23+03 46.0 £ 6.8

Already from the LSV in Fig. 5.8, the current density increase is clearly visible. Both Cu and Mo
foil have similar current densities at comparable potentials but HBTCu exhibits far larger current
densities. The differences in the CP in Fig. 5.8 A can also be explained. The discrepancy in the
cell potentials of HBT Cu and Cu foil are mainly due to iR drops since the applied current for
HBTCu was —50 mA and for Cu foil only —1 mA. With measured resistances of around 20 - 30 Q
the iR drop would be around 1.25V and 25 mV, respectively. Secondly, both measurements
conducted in 2 M LiClO, electrolyte have stable potentials, whereas the measurement in 0.3
M LiClO, has an unstable WE potential under the otherwise same reaction conditions (20 bar
N,, -2 mA/cngeo). We can most likely rule out the possibility that this is due to the different
WE materials since Cu and Mo both were used interchangeably in literature [40, 49, 62]. More
likely the stability increase arises from the increased salt concentration. This is also believed by
Westhead et al. [123], who attribute the stability to a more inorganic SEI layer. It is well known
in battery literature that an increase in salt concentration leads to a more inorganic SEI layer,
since Li gets in contact more with the salt anions which make the main part of the inorganic SEI
layer [124]. Moreover, a more stable Li metal cycling behavior was also previously observed at
high Li salt concentration, which the authors ascribe to a more uniform SEI layer [125]. Hence,

not only is the higher salt concentration beneficial for utilizing high surface area electrodes, it
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is also improving the stability of the process.

One must also consider the "salting-out" effect, which lowers the solubility of gases in liquids
at higher salt concentrations [126]. Given the already low N, solubility in THF of 3.3 mM [127,
128], this might be an issue. This could be an explanation as to why the overall FE of both
HBTCu and Cu foil are quite low at around 13 %. However, the ammonia formation rates are
increased almost by a factor of 50 when comparing the Cu foil to the HBTCu electrodes. This
result verifies the HBT method for synthesizing high surface area electrodes for the LIMEAS.

5.2 Optimizing Conditions for High Current Density

As already mentioned in the previous section Ni foam does not seem to be the ideal substrate,
because of the uneven current density distribution. Furthermore, the HBTCu electrodes are
also mechanically quite unstable and some Cu particles can fall off, if handled too roughly.
In the following chapter, together with Shaofeng Li, we deposited the Cu on stainless steel
mesh, which seems a much better substrate for the HBT and LIMEAS. This together with the
electrolyte optimization suggested by theoretical calculations from Yuanyuan Zhou, lead to
high FE of 71 4+ 3 % at current densities of -1 A/cngeo, which makes the LIMEAS closer to
industrially relevant applications. These results were published in Paper 5 [118].

5.2.1 Stainless Steel Mesh as Electrode Substrate

The experimental procedures to synthesize and measure the ECSA of the HBT electrodes on
stailess steel mesh, heron called HBTCuSS, are the same as the previous section and briefly
described in section 3.2.5 and 3.2.4. For more details please see Paper 5 [118] in the appendix
B.2. Fig. 5.9 shows the SEM images of the stainless steel substrate before and after HBT in

addition to the ECSA determination data from capacitive cycling.
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Figure 5.9: A-D SEM images of the stainless steel mesh before and after HBT. The deposition were
performed in an electrolyte of 0.4 M CuSO, + 1.5 M H,SO, at a current of -5 A. E-F
ECSA determination of HBTCuSS with capacitive cycling in 2 M LiCIO,. Data obtained
from Paper 5 [119].

The SEM images in Fig. 5.9 B-D reveal a more evenly distributed deposition, since stainless
steel mesh does not have different surface features like Ni foam does. It can be in a way
described as more of a 2D structure than 3D. This also leads to a better mechanical stability as
Cu particles do not fall off the electrode easily. The thickness and hence the ECSA can be tuned
by varying the deposition time, with longer deposition time of 5 min leading to a deposition
thickness of 320 um. When looking at the capacitive cycling data in Fig. 5.9 F, the resulting
ECSA increases from Cu foil to HBTCuSS-5min by a factor of 308. At -3 mNcszCS A the
current density per geometric surface area would be around -1 A/cngeo.

5.2.2 Theoretical Prediction on Optimal Solid Electrolyte Interphase
Layer

Since the electrode was now optimized for high current density application, the next step
was to increase the FE and hence NH; formation rate. The theory collaborators suggested,
similarly to the O, case, a modification of the SEI layer. Hence, Yuanyuan first calculated which
of the inorganic SEI compounds could be stable at Li plating potentials and then evaluated

their respective Li* conductivity. For this only compounds that are not soluble in THF were
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considered since otherwise their concentration in the SEI would be negligent. The results are
given in Fig. 5.10.
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Figure 5.10: A Calculated Gibbs free energy of formation of different Li compounds as a function of
potential. B Predicted Li surface mobility barriers and Li* conductivities of different SEI
components. C Schematic of Li* surface mobility barriers and conductivities of different
SEI components. D Gibbs free energy of adsorption of NH; on different Li containing SEI
compounds. Data obtained from Paper 5 [119].

From the Pourbaix diagram in Fig. 5.10 A it is seen that with LiClO, as electrolyte salt, the two
most stable compounds are LiOCzHS_and Li,COg, since LiCl is soluble in THF [129]. Both are
more likely to result from decomposition of Li with EtOH instead of the CIO {Eion. When
using a F-containing salt like LiBF, or LiPF, the most likely SEI components are then LiF
and LiHF,. Next, the Li surface mobility barrier and Li* conductivity were estimated in Fig.
5.10 B. The difference between these two values is visualized in Fig. 5.10 C. The Li surface
mobility barriers describes how well Li can be distributed horizontally (blue arrows). A low
Li surface mobility barrier is desired, since it would result in a more homogeneous Li plating.
The substance with the lowest surface mobility barrier is LiF. This result was also previously
reported in [112], where Zheng et al. suggested LiF as a beneficial constituent of the SEI as
well. In contrast to the surface mobility barrier, the Li* conductivity vertically thorough the
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SEI layer (red arrows) should be low, as was already discussed in the O, enhancement section.
This is because Li* also competes for electrons and uncontrolled or wasted Li deposition that
does not react with N, lowers the FE. Again, the F-containing constituents seem to be more
beneficial compared to LiOH and Li,COj5 due to their low Li* conductivity.

Moreover, the theoretical data in Fig. 5.10 D, which shows the Gibbs free energy of adsorption
of NH; on different SEI components, suggests that the formed NH; can also be trapped inside
the SEI layer. This issue was never before raised and will be addressed carefully in this work.
Hence, the conclusions gained from the theoretical calculations are twofold. Firstly, it was
concluded that flourinated substances, especially LiF, are desirable components for the SEI
layer. Secondly, it was hypothesized that a non-negligible amount of formed NH; could be
trapped on the electrode, which has to be accounted for in the FE calculations. To test this
hypothesis, the experiments were conducted with three different Li salts: LiClO,4, which can
not form a LiF rich SEI layer, and LiBF, and LiPFg that can form LiF. The electrodes after
electrochemistry are also washed with water and the NH; content determined.

5.2.3 Solid Electrolyte Interphase at High Current with Different
Li-salts

To test the maximal sustainable current density, the electrode with the highest ECSA, which
is HBTCuSS-5min, was employed in a range of experiments varying the Li-salt and current
density. The electrolyte consisted always of a 2M Li salt solution in THF with 0.17 M EtOH
and the experiment was conducted in the autoclave at 20 bar pure N,. For more detailed
experimental procedure see Paper 5 [119] in Appendix B.2. The electrodes were tested at -100,
-200, -500 and -1000 mA/cngeo and the results are shown in Fig. ﬂ .

80



5 Increasing Current Density and Rate

A

i
o+]

12 .

< - L!BF4 -0.1 Acm2 -0.2 Acm? -0.5Acm=2
i gL~ LiPFg | I

@ --- LiCIOQ, [ T T s oI
> Lsgosnrr—ee s m s £Ti T I A —TIT DT S .

< 4t [ i

T CE

5 0 - — I

"6 R ——
a

L

O

Ty

=

-
N

(0]
T

ES

| destabilization =

A

1 1 1 _4 L L L
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20

Time (min)

WE/CE potential (V vs Li/Li*)
o

Figure 5.11: Chropnopotentiommetry of HBTCuSS-5min at current densities of A -100, B -200, C -500
and D-F, -1000 mA/cngeo at 20 bar with different Li-salts. Data obtained from Paper 5
[119].

The CPs ran different amount of times so that the total passed charge stays constant at 240 C.
The voltage profiles of -100, -200 and -500 mA/cngeo look very stable for the three different
Li-salts, which suggests a stable operation. A slight difference of cell potentials is due to the
difference in resistance of the system depending on the used electrolyte salt. The resistance
increased in the following order: LiPF < LiClO, < LiBF,. Representative PEIS measurements
are shown in Fig. B.3 in the Appendix B.1.2.

At-1 A/em? geo the WE potentials of the experiments with LiPF, and LiClO, start to destabilize
around 1 and 2V from start to end of the CP, respectively. The inserts in Fig. 5.11 D-F also
show the WE and the electrolyte after electrochemistry. Clearly the electrolyte is not stable and
is being oxidized at the CE, which is not sustainable for long time operation. After letting the
electrolyte stand for one day it polymerizes to a gel state, proving the oxidation and polymer-
ization of THF. Only the electrolyte with LiBF, used as the salt still remains relatively clear
and does not polymerize, making it the most stable out of these three electrolytes. It is known
that LiPF6 is not stable at elevated temperatures above 60 °C [130] and hence it could be that
during the mixing of the electrolyte, which emits heat due to S(Etion, the electrolyte already
starts to decompose. Additionally, the P-F bond is very susceptible to hydrolysis, even with
trace amounts [ﬂ]. Similarly, LiClO, is unstable as it is a strong oxidant that can react with

the solvent, especially at elevated temperatures and high currents [131-133]. In contrast, LiBF
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is not only anodically relative stable but also thermally [134-136]. However, in battery literature
it is not favored because of its low ion mobility and conductivity [131].

Another stark difference that shows the beneficial use of LiBF, is the amount of deposit that
stays on the WE after electrochemistry. A very thick deposition is seen on the experiments with
LiClO, and LiPF,, whereas only little deposition is observed in the case with LiBF,. This leads
to the conclusion that the SEI layer might be more compact in the case of LiBF, and will be
further investigated with XPS.

To evaluate the FE carefully and not destroy the deposition on the WE, the electrolyte was
first removed through a PTFE sampling tube that sits in the electrolyte in the cell and can be
seen in Fig. 3.2 D, where the autoclave setup was described. After the electrolyte was removed,
the pressure was released slowly into an acid solution to trap all the NH; in the gas phase.
This procedure ensures that the deposit on the electrode stays intact and hence allows the
determination of NH; in all the three phases, gas, liquid (electrolyte) and solid (deposition
and SEI layer). The evaluation of the FE, NH3 formation rates and NH3 distribution is given in
Fig. 5.12.
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Figure 5.12: A FE and B NH; formation rates of HBTCuSS-5min in the LIMEAS at 20 bar at different
current densities and with different Li-salts. C Distribution of formed NH; in the gas,
liquid, and solid phase. Data obtained from Paper 5 [119].
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As expected, the FE decreases with increasing current densities for the experiments with LiBF,
and LiPF as with increasing current the Lit deposition rate increases, which has a negative
effect on the FE as predicted by micro-kinetic model. The sharper decrease for LiPF, is most
likely due to its thermal instability, since increasing the current also heats the system through
resistive heating. At -75 mA/cmdeo both exhibit a FE of around 90 %, which falls to 75 %
for LiBF, and 45 % for LiPF. These high FE, especially in contrast to the FE with LiClO,,
prove that the F-containing salts indeed have a beneficial effect on the SEI and hence FE, as
was foretold by theory. The highest obtained FE of 95 + 3 % was achieved with LiBF, at -100
mA/cm? geo- Interestingly for LiClO,, the FE stays constant at around 30 % for the experiments
with LiClO, regardless of current densities. This makes us believe that with this specific SEI
layer or decomposition products from LiClO, the Li-plating rate somehow does not play a
significant role in FE. However, these are only speculations and need to be investigated further.
Similarly, the NH; formation rates are the highest for LiBF,, and the lowest for LiClO, with the
highest overall rate of 2.5 + 0.1 umol/s -cm'zgeo at -1 A/cngeo, which gives an EE of 7.7 &
0.3 %.

The NH; distribution in Fig. 5.12 C shows that little NH; is in the gas phase, probably due
to the NH; being in form of NH 4+ because of the acidification of our electrolyte [59]. For the

F-containing salts, most NH; remains in the liquid phase with some of it trapped inside the
deposit. Since the deposit is visually larger in the case of LiPF¢, more NH; also seems to be in
the deposit of these experiments. The NH; distribution is totally different in the case of LiCIO,
with more than half of the actual produced NH; being in the deposition. This is an important
finding, since not everyone measures the NH; content in the deposit, which in this case makes

a big difference.

5.2.4 Investigation of the SEI Layer and Deposition at High Current
Density

To investigate the SEI layer instead of the large deposits, only an LSV was performed until
the current reached -1 A/cm? geo- The XPS measurement was then conducted the same way as
the in the O, enhancement case, which prevented exposure to air and moisture. In this case,
additional Ar sputtering was performed to see the depth profile. The XPS results for the three
different salts 1s shown in Fig. 5.13. For the experimental details please see Paper 5 [119] in the

Appendix B.2.
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Figure 5.13: XPS spectra of the SEI layer at -1 A/cmzgeo ar 20 bar for A-B LiBF,, C-D LiPF, and E-F
LiClO,. Data obtained from Paper 5 [119].

As predicted by theory, both the SEI layer of LiBF, and LiPF exhibit a F Is signal at 685.5
eV that is attributed to LiF according to values from literature [137]. In addition to that, another
peak of the respective salts is also seen, which is probably due to residual dried salt from the
electrolyte. These signals are diminished through consecutive Ar sputtering. A similar case is
seen for the XPS spectra of the SEI with LiClO, with the salt itself being present in addition to
a LiCl signal at 200 eV. All the C 1s spectra for the three salts show mostly C-C peaks that are
also reduced upon sputtering. In the case of LiClO, a C=0 peak develops upon sputtering, that
could arise from Li,CO5 [138].

Next the deposit was also Fvestigated by XPS. For that, standard experiments at -1 A/cngeo
were performed until they reached 240 C, before transfer into the XPS chamber. The resulting

data is presented in Fig. 5.14.
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Figure 5.14: A-F XPS spectra of the deposit layer at -1 A/cm? geo for the different Li-salts. G-I Elemen-
tal composition of the deposit layer at -1 Alcm? geo at 20 bar for the different Li-salts. Data
obtained from Paper 5 [119].

Again, a strong signal of LiF can be seen in the cases of LiBF, and LiPF, that stays constant
even with Ar sputtering, hinting towards an even and rich LiF deposit. For LiBF, the B 1s
spectra also shows a consistent BOx signal, whereas the POy signal in the P 2p spectra for
LiPF depletes rapidly with Ar sputtering. This means that the deposit is mostly even in the
case of LiBF, and uneven for LiPF,, which makes sense given the instability of the latter. The
Cl 2p and C 1s spectra of the LiClO, deposit show similar features as to their SEI equivalent,
with signals of LiCl and Li,COs;.

The elemental depth composition was also measured and is seen in Fig. 5.14 G-I. The LiF rich
deposit can be again confirmed for LiBF, and LiPF, with more Li signal in the case of LiPF
due to the over-plating of Li, as was seen from the size of the deposition. This is also the case
for LiClO,, where the Li signal far out-weights the ClI signal. Moreover, the relative high signal

of C in the LiClO, case hints towards more solvent decomposition.
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5.3 Summary

In this chapter we have proven the ability of porous Cu electrodes, made by HBT to reach
high current densities in the LIMEAS. The initial conditions were improved with the help of

theoretical predictions.

* High surface area Cu electrodes were successfully deposited on Ni foam as a substrate by
the HBT method.

* The ability of HBTCu electrodes to increase current density was confirmed by initial
testing at 20 bar N2 and resulted in a FE and EE of 13.3 &+ 2.0 % and 2.3 £+ 0.3 %,

respectively and a NH; formation rate of 46.0 & 6.8 nmol/s ~cm'2geo.

* The electrolyte concentration needed to be increased to 2 M to increase the conductivity
of the electrolyte as well as decrease the thickness of the EDL to probe the surface

morphology of the high surface area electrodes.

* Increasing the concentration also improved the stability of the system, most likely through
making a more inorganic-rich SEI layer.

* The substrate was changed from Ni foam to SS, which gives a mechanically more stable
WE due to the more homogeneous current distribution. The times of deposition were
also varied to achieve the maximum ECSA increase. At a deposition time of 5 min the
roughness factor was determined by capacitive cycling to be 308.

* Theoretical calculation suggests that SEI components with good surface mobility but bad
vertical Li* conductivity are preferential for high FE. LiF was predicted to be a beneficial
constituent in the SEI layer due to its lower Li surface mobility barrier and lower Li*
conductivity, which will lead to a more even Li plating behavior and better LIMEAS

conditions.

* This hypothesis was tested at 20 bar with different Li salts (LiCIO,LiBF,LiPF) in the
electrolyte. Indeed, the F-containing salts were found to have higher FE with the highest
FE of FE of 95 + 3 % in 2 M LiBF, at a current density of -100 mA/cmdeo. The current
density could further be increased to -1 Alcm? geo Which resulted in a NH; formation rate
of 2.5 + 0.1 u mol/s -cm'zgeo ata FE and EE of 71 4+ 3 % and 7.7 £ 0.3 %, respectively.
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* The NH; content was measured in all three different phases: gas, liquid and solid phase
through a separation procedure. It was found that in LiClO, electrolytes half of the total
NH; was trapped inside the deposition.

* The existence of LiF was confirmed in LiBF, and LiPF electrolytes via air and moisture
free XPS investigations.
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6 Role of Ethanol in the Li-mediated
Ammonia Synthesis

In this chapter the latest results regarding the several roles and importance of EtOH in our
system will be discussed. Since these are relatively fresh results, they have not been polished
and published yet. However, a manuscript is in preparation that is lead by my colleague Bjarke.
In this chapter I will only present the experiments that I personally designed and conducted,
which will be published in the future along with other complimentary data.

In the beginning, Tsuneto added EtOH mainly as a proton source, but since studying this system
more closely the last few years, we have discovered that EtOH also has other roles such as
leading to an improvement of electrolyte stability and also as an important constituent in the
SEI layer. Interestingly, other groups also came to this conclusion with different experimental

approaches, which makes us more confident [66].

6.1 Ethanol as Proton Source

As our electrolyte inherently has no protons, with the exception of minimal contamination of
water (around 30 ppm measured by KFT before reaction). Tsuneto et al. added small amounts
of EtOH as a proton source [52, 53]. Our group along with others have accepted EtOH as proton
source and deemed it as a sacrificial proton source, since it is used up and not regenerated [55].
Confirming the proton source theory, several groups have reported that without added EtOH in
the beginning no FE towards NH; can be observed and interestingly the electrolyte turns brown
over time, hinting towards severe electrolyte degradation without EtOH [49, 66]. However,
Krempl et al. [59] have shown in their publication that the proton source in the system can also
be the solvent THF that gets oxidized at the anode to dihydrofuran and releases two protons.
This dihydrofuran has been confirmed by GCMS in our group [60]. In (6.1) the structures of

THF and dihydrofuran are shown to visualize where the protons come from THF.
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6.2 Ethanol as Stabilization Agent

As stated above, without EtOH the electrolyte turns brown after electrochemistry and over some
time becomes viscous, hinting to the polymerisation of THF. With the same amount of charge
passed with added EtOH in the system the electrolyte stays clear. This suggests that EtOH has
a stabilizing effect towards hindering polymerization of THF. The onset of THF polymerization
has been seen in literature at potentials of 4 V vs. Li/Li* [139] and has following mechanism

seen in (6.2) according to [61]:

O.. + H+ f)\i__y;o

OH

®0 —_—

oF —
N\

.0

(6.2)

The polimerization is initiated by a proton, most likely from the dihydrofuran formation men-
tioned above. One of the lone pairs of O attacks the proton to form an oxonium ion, which is
the basis for polymerization. Another THF molecule then attacks the C in ortho position of the
oxonium ion and the ring opens.

EtOH is somehow able to prevent or more likely hinder the polymerization of THF. Several
explanations are possible. For once, EtOH could be oxidized at the CE and therefore act as
sacrificial oxidation agent. Another possibility is that EtOH, or its oxidated equivalents can

interfere with the THF polimerization, either by stabilizing the oxonium ion or reacting with
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it faster than it can react with THF. Too little information is known at this point to speculate
further, however, the oxidation of EtOH to acetic acid and acetaldehyde at the CE electrode has
been proven by GC-MS measurements [60].

6.3 Ethanol as Part of the Solid Electrolyte Interface

Very recently another role of EtOH as a constituent of the SEI layer was developed, where
Steinberg et. al investigated the SEI layer, with and without EtOH with cryo-TEM and found
visibly different morphologies [66]. In parallel, we also found the importance for EtOH in the
SEI layer with a different electrochemical approach.

For those experiments a single compartment glass cell was used in the glovebox with a standard
electrolyte of 0.5M LiClO, with 0.17 M EtOH in THF. The experiment consisted of a CP at
—4 mA/cm? until 10 C were reached. Then the electrolyte was switched to an electrolyte with the
same salt concentration but without EtOH, whereas the WE remained the same. Consequently,
another CP was performed under the same conditions and the FE of both runs were then

evaluated. A detailed description of the experimental procedure can be found in B.1.3.

It has to be noted that after removing the first electrolyte the cell was rinsed with pure THF to
remove any residual EtOH for the second run. The EtOH concentration is estimated to be in the
ppb levels at maximum. If any NH; is made in the second run without EtOH, it would mean that
EtOH does not act as a proton source and is only important in the beginning of the experiment

for SEI formation. The electrochemical results are presented in Fig. 6.1.
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Figure 6.1: Electrochemical results of EtOH exchange experiments. A CP, B PEIS, C OCV and D LSV
for experiments with and without EtOH. The WE was Mo, the CE and RE were Pt. The
electrolyte was 0.5 M LiClO, + 0.17 M EtOH in THF.

The first part of the CP in Fig. 6.1 A shows that with EtOH the WE potential destabilizes over
time, as is expected. Surprisingly, in the second run without EtOH the WE stays stable. This
was seen in all repeat experiments and shows that it might be EtOH derived compounds that
destabilize the WE potential. The potential vs Li/Li* was determined using the onset potential of
Li plating from the recorded LSV that is shown in Fig. 6.1 D.The slightly higher cell potentials
in the second run stem from uncompensated resistances, since without EtOH the electrolyte
resistance is higher as is seen from the PEIS data in Fig. 6.1 B. To ensure that the SEI layer is
maintained for the second run, OCV spectra were recorded before each CP as seen in Fig. 6.1 C.
The OCV of the WE in the very beginning is around 3V vs Li/Li*, whereas before the second
run it is distinctly more negative at 1.5V vs Li/Li* but rising steadily. However, it was ensured
that still some kind of deposit or SEI layer remained on the WE before starting the second CP.

After evaluation of the FE, we found that without the EtOH more NH3 is being formed than
with EtOH. The FE in the first run with EtOH was 4.4 £+ 1.7 % whereas in the second run it was
20.0 £ 2.1 %. These unexpected results confirm the assumption that EtOH is only important for
the SEI formation in the beginning and THF can act as a proton source later on. The increase
in FE can also be explained by the heatmap in Fig. 4.10. At atmospheric pressure the reaction
is most definitely in the nitrogen limited regime, meaning a reduction in proton availability will

increase the FE. However, the fact remains that EtOH is still important to stabilize the solvent.
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As seen in Fig. 6.2, the electrolyte after the exchange to no EtOH still turns dark after passing
charge.

&

Figure 6.2: Electrolyte after electrochemistry with and without EtOH.

To investigate this interesting effect further, the next step was to vary the duration of the CP with
and without EtOH. With this it is possible to evaluate when the SEI is formed and how long
it is stable. Since with CP the passed charge is proportional to the time, three different charge
distributions were chosen to compare to the standard 10/10 experiment: 5/10, 10/20 and 10/59.
The results are listen in Fig. 6.3 and Tab. 6.1.
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Figure 6.3: CPs of EtOH exchange experiments with different charge distribution of A 10/10, B 5/10,
C 10/20 and D 10/59. The WE was Mo, the CE and RE were Pt. The electrolyte was 0.5 M
LiClO,4 + 0.17 M EtOH in THE.

Table 6.1: FE of the EtOH exchange experiments with variation of charge passed
with and without EtOH.

Charge with EtOH [C]

FE with EtOH [%]

Charge without EtOH [C]

FE without EtOH [%]

10
5

10
10

44+ 1.7
1.6
3.6
1.6

10
10
20
59

20+ 2.1
17
14.3
6.1

It has to be noted that for the values with no error bars, the experiments were only performed

once. However, given the general good reproducibility of the experiments and the fact that we

only want to observe trends it is still valuable information that we can gain from this.

The experiment with charge distribution of 5/10 shows that even when less charge is passed
with EtOH the effect still holds, meaning the role of EtOH is in the very beginning, probably
initial few minutes, like the SEI formation. With the second run without EtOH being longer in
the 10/20 experiment it is still possible to make ammonia at higher FE but the value dropped by
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a bit to around 14 %. The dropping value could indicate that SEI layer is not stable but needs
to consistently be replenished. This is further confirmed by the last 10/59 experiment where the
FE dropped even further to 6 %.

Analysis of the SEI layer through impedance measurements

As already mentioned in the beginning of the chapter, these measurements show initial data and
are not polished yet. Even though the following data was repeated three times and the same
trend was observed, I would still advise to look at the data critically.

As EIS is amethod to investigate the SEI layer and deposit in-operando in a simple experimental
way, galvanostatic EIS (GEIS) were recorded before the CP to observe the development of the
resistance in the beginning of a measurement, as well as after the CP. The GEIS were measured
at the same current density as the CP to simulate reaction conditions. The resulting GEIS for
the electrolyte with and without EtOH are both seen in Fig. 6.4.
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Figure 6.4: GEIS of LiMEAS in 0.5M LiCIO, A with and B without 0.17 M EtOH in THF at

—4mA/cm?. The GEIS were recorded before the CP (blue) and after the CP (green). The

lighter color represents earlier measurements and the darker colors represent later measure-
ments.

Fig. 6.4 A shows the results of the measurement with added EtOH. The blue GEIS were
recorded after the LSV and before the CP and the green ones were recorded after the CP.
The different shades represent the number of repetitions, with a lighter shade being recorded
earlier in time. The insert in Fig. 6.4 A shows that the charge transfer resistance is consistently

growing over time, due to the development of the SEI layer in addition to Li deposition. After
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the CP the recorded GEIS were constant, meaning that the deposition has reached a steady state
behavior. The GEIS spectra in Fig. 6.4 B without EtOH do not show such a nice trend. On the
contrary, no informative spectra could be recorded. That itself must mean that the deposition is
quite different from the one with EtOH. As was also observed by Steinberg et al. [66], without
EtOH the deposition is quite uneven. By eye we could observe dendrites being formed and after
reaction when taking out the electrolyte, the deposition fell off immediately leaving a blank Mo
foil behind. This means that the Li on the Mo surface is not in strong contact to the electrode,
which might result in these noisy GEIS spectra.
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Figure 6.5: A DRT analysis of GEIS from measurement in 0.5M LiClO, with 0.17 M EtOH in THF

at —4mA/cm?. The lighter color represents earlier measurements and the darker colors
represent later measurements. B Time constants of typical electrode processes. [73]
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To gain even more knowledge from this data a distribution of relaxation time (DRT) analysis
was carried out. This should give insights into how many processes are occurring with which
time constants. One has to be very careful with DRT analysis since the results depend heavily
on how one chooses the fitting parameters. A detailed description of the DRT analysis and
the fitting parameters used is described in the Appendix B.1.3. The DRT analysis of the GEIS
spectra shown in Fig. 6.4 A is given in Fig. 6.5 A.

Two distinct peaks can be observed that grow over time and shift towards lower 7/s values.
When looking at the characteristic time constants of different processes in Fig. 6.5 B, the slower
process, which starts at 1073 s and shift to 10 s could be a charge transfer process whereas
the faster one could be an SEI related phenomenon. Since the charge transfer reaction from Li*
to Li is fast at these largely negative potentials these time constant values would make sense.
If this DRT analysis is proven to be correct, it could be a valuable tool to both investigate the
SEI layer as well as the Li plating behavior under different conditions such as electrolyte salt or
pressure. Indeed, DRT analysis has been used in literature to investigate the Li plating and SEI
in Li-ion batteries and as seen in Fig. 3.8 their determined time constants fit very well with the
ones we measure here [76].

6.4 Summary

In this chapter the different roles of EtOH in the LIMEAS were discussed. Through the ex-
perimental design of changing the electrolyte from EtOH containing electrolyte to electrolyte
without electrolyte, while maintaining the deposition on the WE, the following conclusions
could be drawn:

* EtOH is needed in the beginning of the experiment, most likely for the SEI formation,
but afterwards NH3 can still form. Not only that, but the FE without EtOH is even higher,
increasing from 4.4 + 1.7 % with EtOH to 20 + 2.1 % without EtOH. This is because
the LIMEAS at ambient pressure is N-limited and hence a decrease in H" concentration
would be preferential.

¢ These experiments also prove that EtOH can not be the (only) H* source, hence the H*

can also come from THF oxidation to dihydrofuran, which was proven by GC-MS.

» With experiments running different amount of times, it is seen that this effect does not
last forever, since the SEI might need to be replenished.

* EtOH also has a role in the stability of the electrolyte, since without EtOH the electrolyte
turns brown and polymerizes after time.
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* EIS measurements with subsequent DRT analysis detect two processes at the WE, which
could be the charge transfer of Li plating and a SEI related phenomenon.
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7 General discussion and conclusion

In this last chapter a summary of the last three chapters will be given along with a conclusion of
this thesis and the key findings described here. Next, a general discussion of the LIMEAS will
follow along with the upcoming challenges that need to be solved. This then will lead directly

into the outlook and the thesis will be concluded there.

7.1 Summary and conclusion

The goal of this thesis was to improve the FE and current density of the LIMEAS. At the very
start of the thesis in December 2019 the highest published FE value was from Tsuneto et al. in
1994 where they achieved 57.7 % at 50 bar at a current density of —2 mA/cm?. These values
were somehow questionable since they did not have gas cleaning and at 50 bar reaction pressure,
a lot of NOx contamination could be present. The next highest and more trustworthy result came
from and Lazouski et al. where they presented a FE of 18.5 % at -3 mA/cm? [49].

Since the separate chapter were already summarized in their respective sections this will be kept
short.

In chapter 4 the FE was increased from 24.7 £ 0.5 % to 78 £ 1.3 % at 20 bar trough the
addition of small amounts of around 0.6 - 0.8 mol % O,. This effect was explained by the
modification of the SEI layer through O, that leads to more favorable conditions for Li to react
with N,. This hypothesis is supported by experimental and theoretical results as well as reports
in literature.

Chapter 5 focused on increasing the current density through synthesis of high surface area Cu
electrodes with the HBT method. After the initial verification at -100 mA/cngeo both the
deposition conditions of HBT and the reaction electrolyte was modified to achieve optimal
results. The optimization of the electrolyte was initiated by theoretical calculations that showed
a beneficial role of LiF in the SEI layer. With using LiBF, as the electrolyte salt a current
density of -1 Mcngeo was achieved with FE of 71 + 3 %.

Chapter 6 was a more fundamental study on the role of EtOH in the LIMEAS. Contrary to initial

believes, EtOH does not (only) act as a proton source, but also as an important constituent in
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the SEI layer. This was confirmed through EtOH exchange experiments where a reaction as
initiated with EtOH present and then continued without EtOH. The FE in these two consecutive
runs increased from 4.4 + 1.7 % with EtOH to 20 &+ 2.1 % without EtOH, showing that EtOH

is only needed in the beginning of the experiment to form the SEI layer.

7.2 Future of Li-mediated ammonia synthesis

Undoubtedly, the LIMEAS has seen a lot of improvement in the last 3 years, owing to the
interest initiated by Andersen et al. [40] and the hard work in our group, as well as others
[66, 67, 125] . Since only a few labs are working on this reaction, the steep improvement is
astonishing. Now with the FE already close to 100 % [ﬁ] and current densities of -1 A/cngeo

[119] it is easy to say that the LIMEAS has been mastered, which could not be further from the
truth. There are still several issues that need to be addressed:

* Most of the experiment reporting these high numbers are done in batch type cells, which
is very hard to up-scale [58, 119]. The only flow cell publication with GDE so far is
by Lazouski et al. [56], however with high cell potentials and unstable operation. The
goal here would be to have a continuous ammonia production in a flow-cell at ambient
pressures and temperatures combined with high current density and FE. The reaction
would be LIMEAS at the WE and HOR at the CE to produce the protons. This leads us

to the second challenge of proton source.

* Until now several groups have tried to utilize HOR on the CE [55, 56], but they lack
credibility, since their CE potential were still high at above 1 V vs Pt, which are already
the potentials where THF can be oxidized to form protons [61]. The definite proof of HOR
on the anode would be if the potentials are kept low and deuterium tests are performed,

which results in formation of ND3.

* Furthermore, THF which is the solvent of choice in most LIMEAS publications has a
high vapor pressure and low boiling point, which makes it very volatile. Additionally, it
is also very harmful to the environment and also suspected to cause cancer [140, 141]. All
these factors makes it hard to be admitted in any food related application, like fertilizers.
Ideally, another solvent should be found without these health risks. However, this will
be an challenge, since the SEI layer, which plays a huge role in our process, should be
heavily influenced by the solvent. Hence, all the optimization that was already performed
for THF would need to be repeated if the solvent is changed.
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* As of now, it seems that the LIMEAS in general is an unstable reaction that decomposes
THF both on the CE as well as on the WE. A part of the decomposition is needed to form
the SEI layer but the other decomposition pathways leading to the various compounds
detected by GC-MS [60, 70] show that even in these short term experiments (< 5 h)
significant electrolyte decomposition takes place. This is due to the large applied potential
on both electrodes and high reactivity of metallic Li. The same challenge is probably faced
in Li metal batteries where the cycling life is very limited. Addition of additives could be

a way to tackle this challenge [142].

* This leads to the final challenge, which is probably the hardest to overcome, namely
the large potentials. The whole idea of LIMEAS is to activate N, by metallic Li, but
plating Li costs a large amount of energy, more than is theoretically needed to split the
triple bond. In addition with the large resistances in the typical non-aqueous electrolytes
this leads to very high cell potentials. Even at the most ideal condition of HOR at 0 V
and no overpotential for Li plating the maximum achievable voltage efficiency would be
% = 39%, but more realistically it would be in the range of 25 %. One can then ask
the question how relevant this process then is, but it has to be said that this is currently
the only proven way to electrochemically make NH;. So until a more energy efficient

pathway is found the LIMEAS it still the best option for electrochemical NH; synthesis.

In addition to all these challenges, there is also still unanswered questions about the fundamen-
tals of LIMEAS. Similar to the Li metal batteries, the Li plating behavior can be studied in more
detail, like how the nucleation and growth process influences the stability and FE. Of course the
SEI also still remains a mystery and can probably only truly be investigated in-situ.

7.3 Outlook

The goal of increasing the FE and current density was achieved in this thesis, however the
challenge would be to combine these two factors in a setup that can produce NH; continuously.
Furthermore, the long time performance of the LIMEAS should be carefully investigated, as
there are worries about solvent degradation.

As for the last part of the thesis, I would have liked to investigate the GEIS data further by doing
DRT analysis with different salts, pressures and O, contents to see if our predictions about the
modification of SEI layer is also visible in the DRT. It would have been a direct prove if the
charge transfer of Li plating is slowed down with the addition of O,. In general, it seems to me
that EIS, if used correctly, might be a powerful tool to investigate the SEI layer and Li plating
in-operando.

I believe that after achieving high current densities and FE, the future of the LIMEAS will shift
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now from improving those numbers to more engineering related questions. How can the cell
be modified to produce continuous ammonia and how can the resistance be decreased through
cell design? Can we learn from CO, reduction, where they now apply membrane electrode
assemblies? Also numbers like EE and cost per kilo NH; will be the next targets to improve

upon as was correctly pointed out in [143].

If LIMEAS will continue to be a topic of interest or be deemed too expensive without real
application value will depend heavily on the development in the next few years. This makes it
a very interesting time to be in the field and me along with many others will look forward to
observing and being part of this process.
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B Appendix

B.1 Additional Information

B.1.1 Additional Figures for Chapter 4
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Figure B.1: XPS survey spectra of the Mo electrodes after electrochemistry at different O, contents.
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B.1.2 Additional Figures for Chapter 5
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Figure B.2: XPS survey spectra of the HBTCu electrodes.

80 TBF,
60 * LiPF, .
= | = LiCO,
S 40t ¢ :
= * L
N
1 L 2 |
20} . o’
0’ d ’..
O / ] - 1 B
0 20 40 60 80

Z' (ohm)

Figure B.3: PEIS measurements of different Li-salts used for electrolyte.

B.1.3 Additional Information for Chapter 6

Additional Experimental Information for Chapter 6

Experimental procedure for EtOH exchange experiments
All experiments were carried out in a single compartment glass cell inside an Ar glovebox.
The WE was a 1.8 cm? Mo foil (+99.9 %, 0.1 mm thickness, Goodfellow) and the CE was a
Pt mesh (99.9 %, 0.1 mm thickness, Goodfellow) and the RE was a Pt wire (99.99 %, 0.1 mm
thickness, Goodfellow). The Pt electrodes were flame annealed before the measurement and The
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Mo foil was cleaned in 2 % HCI and then rinsed in MilliQ water and EtOH. Afterward sit was
polished with with SiC paper(CarbiMet, Buehler) and rinsed in EtOH again. The electrolyte was
prepared in the glovebox and consisted of a 0.5 M LiCIO, (99.99%, Sigma Aldrich) solution
in THF (Sigma Aldrich, inhibitor free) with 0.17 M EtOH or without. 10 mL of the electrolyte
with EtOH was introduced to the cell and then the cell was purged with purified (NuPure) N,
(6.0, AirLiquide) for 20 min while the OCV was being recorded. Then a PEIS at OCV was
recorded to determine the solution resistance. Afterwards a LSV at 20 mV/s was initiated until
the desired current density of —4 mA/cm? was reached. Immediately after a GEIS was measured
at the current density of —4 mA/cm? between 200 kHz and 10 Hz. This was then followed by a
CP at -4 mA/cm? until 10 C was reached. After the CP another GIES was initiated to probe the
deposition at the end of an measurement. Then the electrolyte was collected through a syringe
without touching the electrodes. Then 10 mL of pure THF was introduced to the cell to rinse out
all residual electrolyte. After removing the cleaning THF by syringe 10 mL of the electrolyte
without EtOH was introduced and the cell was purged again with N, for at least 10 min whole
recording OCV. After the purging, 0.5 mL of sample was taken as a blank to ensure no ammonia
comes from the SEI layer being dissolved during the saturation time. Next, the same procedure
of LSV, GEIS and CP was performed and the electrolyte afterwards measured for NH;.

Analytical Procedure DRT Analysis

First of all the GEIS data was treated by removing some of the low frequency points that
don’t give valuable information. Then the DRT analysis was carried out with the software
©Polarographica, which is made by my very talented colleague Tim Trichter. He based the
software on DRTtools, which is an open-access freeware. The calculations and transformation
behind this tool are based on the publication by Wan et al. [75].

B.2 Publications in relation to this PhD
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Paper 1

Enhancement of Li-mediated ammonia synthesis by addition of oxygen

K._Li*, S. Z. Andersen*, M. J. Statt*, M. Saccoccio, V. J. Bukas, K. Krempl, R. Sazinas, J. B.
Pedersen, K. Krempl, V. Shadravan, Y. Zhou, D. Chakraborty, J. Kibsgaard, P. C. Vesborg, J.
Ngrsvov and I. Chorkendorff

Science, 2021, 374, 1593-1597.

* these authors contributed equally
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Enhancement of lithium-mediated ammonia synthesis

by addition of oxygen

Katja Li't, Suzanne Z. Andersen'f, Michael J. Statt?t, Mattia Saccoccio®, Vanessa J. Bukas'f,
Kevin Krempl', Rokas Sazinas!, Jakob B. Pedersen’, Vahid Shadravan, Yuanyuan Zhou!,
Debasish Chakraborty’, Jakob Kibsgaard', Peter C. K. Veshorg!, Jens K. Narskov'*, Ib Chorkendorff'*

Owing to the worrying increase in carbon dioxide concentrations in the atmosphere, there is a need

to electrify fossil-fuel-powered chemical processes such as the Haber-Bosch ammonia synthesis.
Lithium-mediated electrochemical nitrogen reduction has shown preliminary promise but still lacks
sufficient faradaic efficiency and ammonia formation rate to be industrially relevant. Here, we show that
oxygen, previously believed to hinder the reaction, actually greatly improves the faradaic efficiency
and stability of the lithium-mediated nitrogen reduction when added to the reaction atmosphere in small
amounts. With this counterintuitive discovery, we reach record high faradaic efficiencies of up to 78.0 +
1.3% at 0.6 to 0.8 mole % oxygen in 20 bar of nitrogen. Experimental x-ray analysis and theoretical
microkinetic modeling shed light on the underlying mechanism.

mmonia (NH3) is one of the most abun-

dantly manufactured chemicals world-

wide, with a yearly production of over

182 million tonnes (I). Its main use is

as a synthetic fertilizer (~80%) and as
the source of all activated nitrogen in the
chemical industry, but it has recently also
been considered as a carbon-free energy car-
rier (2-4). Currently, ammonia is produced
from nitrogen and hydrogen through the ther-
mally catalyzed Haber-Bosch process, which
operates under harsh conditions (350° to
450°C, 100 to 200 bar), requiring large cen-
tralized plants and high capital investment
(5, 6). To satisfy the commercial demands,
about ~1% of global energy consumption
is used in the process (7). Additionally, the
Haber-Bosch process is responsible for about
1.4% of the annual CO, emissions, as the sup-
plied H, originates from steam reforming of
methane (8-10). An alternative, environmen-
tally sustainable way to produce ammonia is
through an electrochemical pathway, with the
electrical energy provided from renewable
sources such as wind or solar power. Recent-
ly, efforts toward electrochemical synthesis of
ammonia have increased substantially (17-14);
however, the field has been hampered by var-
ious issues. One major concern in the literature
isrelated to contamination of the input gases,
chemicals, and catalysts by ammonia and other
labile nitrogen compounds (5, 16), which may
result in an erroneously high reported faradaic
efficiency (FE). Several protocols (16-18) have
been published on proper contaminant iden-
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tification and rigorous experimentation, and
some of the erroneous reports are being cor-
rected or withdrawn as scientists retest and
reevaluate methods and systems (19, 20). In
arecent paper, Choi et al. investigated over
130 publications on electrochemical ammonia
synthesis, concluding it highly likely that none
of the aqueous systems produce ammonia
and that the most reliable method presently
is lithium-mediated nitrogen reduction (LiNR)
in nonaqueous electrolytes (16). A similar
lithium-mediated method was first published
by Fichter et al. in 1930 (2I) and later in-
vestigated with a near-aprotic solvent by
Tsuneto et al. in the 1990s (22, 23). Currently,
the Tsuneto-based system has been revisited by
several groups (11, 12, 17, 18, 24-28); however,
the exact mechanism is still not fully under-
stood. It is generally accepted that the LiNR
takes place in three steps (25), the first one
being the electrochemical reduction of Li*
ions in the electrolyte to metallic Li, which is
a very reactive material. This freshly plated Li
is believed to then dissociate N,, and the N
at the surface is finally reduced in a series of
electron and proton transfers to form NH; by
using a suitable proton source, like ethanol
(EtOH). An important component of the LINR
system is the solid electrolyte interface (SEI)
that forms from decomposition products of an
organic electrolyte during Li deposition on the
cathode. The SEI provides a porous passiva-
tion layer over the electrode surface that is
electronically insulating but ionically conduct-
ing. Its exact composition and mechanistic
role in the LiNR process are still unclear and
difficult to determine, because it is strongly
dependent on experimental conditions and
sensitive to air exposure. Nevertheless, the
process reliably forms ammonia from N,
and a proton source at ambient conditions,
typically achieving a FE of around 5 to 20%
(17, 25, 29), with a recent breakthrough in
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FE of up to 69% by Suryanto et al. (1I) under
20-bar N,. Lazouski et al. implemented this
process using a gas diffusion electrode (GDE)
setup with reported efficiencies of 30%, but the
system was only stable for a few minutes and
exhibited high cell potentials (12). Instabil-
ity of this process was already described by
Tsuneto et al. (22), and recently mitigated by
Andersen et al. with a potential cycling strat-
egy (24), which enabled stability over several
days and increased the FE at 10-bar N, from
20% without cycling to 37% with cycling at an
energy efficiency (EE) of 7%. However, the
REFUEL program of the US Department of
Energy set a target of 90% FE at 300 mA/cm2
and an EE of 60% (30). The current state of the
lithium-mediated process is clearly far from
this target. Especially the EE is currently a
major problem in the LiNR, because Li plating
requires largely negative potentials (-3.04 V
versus SHE). The overpotential losses of the
LiNR are portrayed and discussed in fig. S1. If
all overpotentials are minimized and hydro-
gen oxidation reaction (HOR) is utilized at the
counter electrode (CE), the resulting EE would
be 26%, assuming 80% FE.

Here we show that adding small amounts of
0O, to the feed gas has a positive effect on both
the FE and the stability of the system. A FE of
up to 78.0 + 1.3% at 20-bar N, can be achieved
by adding 0.5 to 0.8 mol % O,, resulting in an
EE of 11.7 + 0.5% (calculation in supplemen-
tary materials). This EE calculation accounts
for neither EtOH as sacrificial proton donor
nor for the energy of pressurizing the system.
We used this framework as a basis for com-
parison to results from literature (24, 25).
Using hydrogen oxidation at the CE in a GDE-
type system has previously been shown to
prevent solvent oxidation (12), and the use
of a phosphonium proton shuttle has been
experimentally verified to successfully shuttle
the newly created protons to the working elec-
trode while the phosphonium ylide becomes
reprotonated at the anode (I1), thereby cir-
cumventing the sacrificial ethanol issue. Our
focus in this study lies on the finding that
oxygen increases the FE and not on the sac-
rificial proton donor issue, but we expect that
the previously reported solutions will also
apply to our system. The positive effect of
small amounts of oxygen is counterintuitive;
one would expect oxygen to contaminate the
active phase and result in loss of efficiency be-
cause of the oxygen reduction reaction (ORR)
Indeed, early experiments by Tsuneto et al.
showed that higher oxygen content in the gas
feed (synthetic air with 20% O,) lowered the
FE considerably from ~50 to 0.1% at 50 bar (23).
We investigated the origin of the oxygen pro-
motion using a microkinetic model, suggest-
ing that the higher FE is related to slower Li*
diffusion through the SEI layer formed in the
presence of O, as observed by Wang et al. in
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Fig. 1. Influence of oxygen content on the FE of
the Li-mediated ammonia synthesis. Reactions
were conducted at 10 (green) and 20 (blue)

bar, where the added oxygen content inside the
autoclave was determined by mass spectrometry.
The reported pressure is the total pressure of

N, and O, combined. All experiments were operated
at a constant current of -4 mA/cm? until the
system overloaded or reached 50 C (116 min to
pass 50 C), unless stated otherwise.

studies of Li-air battery materials (31). We
further tested this hypothesis by systemat-
ically investigating the effect of O, on the SEI
layer through x-ray diffraction (XRD) and
x-ray photoelectron spectroscopy (XPS).

Effect of oxygen on Faradaic efficiency

Systematic experiments with varying amounts
of O, added at 10- and 20-bar total gas pres-
sure were conducted. All experiments were
performed in an in-house-fabricated auto-
clave based on the design by Wiberg et al. (32)
and carried out in a glass cell containing
~30 ml of electrolyte (fig. S2). The gases used
for the experiments were cleaned with purifiers
(NuPure) to levels as low as parts per trillion
by volume of nitrogen-containing impurities,
and the flow was controlled by mass flow con-
trollers (Brooks) to ensure proper gas mixing.
This was important, as improper gas mixing
affects the electrochemical reaction (figs. S3
and S4). The oxygen content was determined
by a mass spectrometer (Pfeiffer, omnistar GSD
320) attached to the autoclave with a 1-um
orifice just above the electrochemical cell.
A representative mass spectrum is shown in
fig. S5. The electrolyte was 0.3 M LiClO,, in tetra-
hyrofuran (THF) with 1.0 vol % EtOH, unless
otherwise specified. The working electrode
(WE) was a Mo foil of 1.8 cmy,,” area, the CE
was a 1.8 cmgeo2 Pt mesh, and the pseudo-
reference electrode (RE) was a Pt wire. The
potential scale was determined by calibrating
the Pt pseudo-RE to the well-known Fc¢/Fc*
couple (fig. S6). A constant-current density of
—4mA/cm?® was applied, until the system either
overloaded because of an increased total cell
potential beyond the capacity of the potentio-

Li et al., Science 374, 1593-1597 (2021)

A

~ 8

Lo

g 61 €E

e L-10

> 24 —_
S N WE =— 0.9% O, O
S~ O‘__ ________ s o = __20\./
w ()
Q 4 0.8% O =
w7 5 e L-30 8
= 5] 0.3% O S
8 81 0.0% L .40
S 10

E 12 -4 mA/cm | 50

0 20 40 60 80 100 120

B Time (min)

X 2.5 []

iED, 201 .

T 1.5 -

Q ]

§ 1.0 i j .

S 05- | . ow . .

o - R . 116+ min

< 004 o

b T T T T T T T T T

o 0 20 40 60 80 100 120

ttaple TV (Min)

Fig. 2. Influence of oxygen content on the stability of the Li-mediated ammonia synthesis.

(A) Chronopotentiometry with -4 mA/cm? applied at 20 bar N, with variable O, content. The potentials
are normalized to the starting WE potential. A maximum of 50 C charge (black trace) is passed; however,
some measurements overloaded before 50 C was reached, as seen from the sudden decrease in WE
potential (blue traces) for low O, concentrations (all shown % O, are mol % 0,). A representative CE
potential (green trace) is shown, which is stable throughout the measurement, even for experiments

in which the WE overloaded. The dotted red line indicates the decrease of WE potential by 1 V. (B) The time
until the WE potential decreased by 1V (tstanie). as a function of O, content. All stable experiments were

included in 116+ min.

stat, or the experiment reached 50 C of total
passed charge. A representative cyclic voltam-
metry is shown in fig. S7. Cycling experiments
according to Andersen et al. (24) were also
conducted, to show the beneficial coupling of
the improved stability due to cycling with the
increased FE from the addition of O,. The FE
was determined at the end of the experiment
and therefore represents accumulated FE. A
more detailed description of the experimen-
tal procedure and all experimental results can
be found in the supplementary materials.
Figure 1 shows that small amounts of O,
markedly increase the FE toward ammonia
production at both 10 and 20 bar, showing
peak behavior from 0.5 to 0.8 mol % O, in N,
at 20 bar and 1.2 to 1.6 mol % at 10 bar. The
optimum oxygen content at 10 bar is higher
than at 20 bar by almost exactly a factor of 2,
suggesting that the oxygen partial pressure,
rather than the molar ratio of O, in N, is re-
sponsible for the increase in FE (fig. S8). The
efficiency drops rapidly at higher amounts

24 December 2021

of O,, in accordance with the much higher
oxygen-content experiments (20% O,, 50 bar)
of Tsuneto et al. (23). An increase in the H,O
content of the electrolyte postelectrochem-
istry is observed with increasing O, content
(fig. S9), suggesting that ORR is responsible
for the decrease in FE. The decrease in the FE
at higher O, content could also partly be due
to the formation of passivating Li,O species on
the surface of the WE as seen later by XRD. As
expected, the EE of the system follows a trend
similar to that of the FE with peaks at 8.0
1.8% and 11.7 + 0.5% at optimal O, content
under 10 bar and 20 bar, respectively (figs.
S10 and S11).

Effect of oxygen on stability

In addition to the notable increase in the FE
of the system because of added O,, an increase
in the apparent stability of the total cell poten-
tial was also observed. However, the electro-
chemistry will overload given enough time,
and the only way to ensure stability in this
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system is through potential cycling (24). Figure
2A shows representative electrochemistry data
of chronopotentiometry measurements at 20
bar, where it is clear that the WE potential
remains stable for longer times with increas-
ing O, content. The CE remains stable, even
for experiments in which the WE is unstable.
This excludes the possibility of oxygen having
an appreciable influence on the CE. To com-
pare the stabilities, we plotted the data against
the starting WE potential of each individual
experiment. The total time it takes for the
WE potential to decrease by 1 V was taken
as a measure of stability (¢s.p1e). Because all
experiments exceeding 0.8 mol % O, exhibited
a WE potential that did not decrease by more
than 1V, fg.e was set to 116+ min for these
experiments. fy.pe iS plotted as a function
of the O, content in Fig. 2B, and a linear
trend of increasing stability by increasing O,
is observed. Stability remained high even
for larger O, content when FE diminished.
This relation can be visualized in fig. SIOA
and suggests that LiNR stability is qualita-
tively related to O, content but not to the FE.
Cycling of the potential to prevent build-up
of passivating lithium species is a previously
proven method to achieve long-term stability
(days) of the potential in the LiNR system
(24). This method was applied for an ex-
periment with optimal O, content (20 bar
N, 0.67 mol % O,) and one with suboptimal
O, content (20 bar Ny, 0.26 mol % O,), which
would otherwise be unstable under con-
stant Li deposition. We found that cycling
the potential in the presence of O, retains the
higher FE (fig. S9) while also stabilizing the
WE during the 0.26 mol % O, experiment until
(at least) 50 C of charge has been passed (figs.
S12 and S13). In addition, the water content of
these cycling experiment increased substan-
tially compared to the constant-current exper-
iments (table S1), owing to the constant ORR.
However, because the FE seems to be un-
affected by this result, it is believed that the
increase in water on this scale is not detri-
mental to the system and that by applying cy-
cling on the optimum oxygen content of 0.6
to 0.8 mol % at 20 bar, the reaction could be
kept stable for longer (10 hours), as was shown
previously (24).

Mechanistic role of 0, in LiNR

We recently demonstrated that in the absence
of oxygen, the LiNR system and its FE toward
ammonia are largely controlled by mass trans-
port limitations of the reactant species diffus-
ing from the bulk electrolyte to the catalyst
surface (24). By developing a Kinetic model,
we showed that the experimental FE is a sim-
ple function of the relative diffusion rates be-
tween incoming lithium ions (7;), protons (7),
and nitrogen (ry,). Here, we assume a steady-
state FE, although there might be dynamical
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changes especially initially where the SEI layer
is formed. Our model considered a series of
elementary steps and relied on the basic, yet
reasonable, assumption that all diffusion steps
are considerably slower than subsequent reac-
tion steps taking place at the surface, i.e., they
are overall rate-limiting. This assumption re-
sults from recognizing that (i) electrochemical
surface steps are most likely very fast and
driven irreversibly forward because of the ex-
treme reducing potentials required to plate Li
(83); (ii) the chemical (dissociative) adsorption
of N, on metallic Li has a negligible kinetic
barrier (34, 35); and (iii) the SEI layer that
forms during Li deposition in THF most likely
leads to much slower diffusion as compared
to that in aqueous media (36). Alongside rate-
limiting diffusion, we further consider mass
balance of the incoming protons toward either
H, or NH; and thus distinguish between two
possible mass-transfer limitations for the nitro-
gen reduction reaction (NRR): a limitation in
nitrogen (Nji), or a limitation in protons (Hy;y,).
Within these two regimes, the steady-state rate
of NH; production and resulting FE can be
formulated in terms of only the three elemen-
tary (ry;, 7u, r,) diffusion rates. The heatmap
of Fig. 3A shows how the predicted FE changes
as a function of the relative-to-Li rates of in-
coming N, (« axis) and H" (y axis). A dashed
green line marks the ideal ry, to ry ratio that
leads to the highest FE at the boundary be-
tween nitrogen- and proton-limited regimes.

When adding oxygen to the gas feed, it is
intuitive to expect that the NRR will be sup-

pressed because of additional competition

A Faradaic efficiency (%)
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from the ORR. The experimental improve-
ment in FE at low O, content, however, is a
counterintuitive result that is much harder to
understand. As a first step toward this under-
standing, we extend our original Kinetic model
to incorporate the oxygen electrochemistry
and examine its effect on the resulting FE.
This involves not only the inclusion of the
ORR that consumes protons and electrons at
the catalyst surface, but also the probability
that newly formed H,O can itself act as a
proton donor to further drive the catalysis.
Derivation of the enhanced model can be
found in the supplementary materials; we em-
phasize that none of the situations that we
considered can account for an oxygen-induced
improvement in FE as found experimentally.
Indeed, we predict a (likely small) decrease
in FE at low O, content because of the ORR
competing as a parasitic side reaction, and
a substantial drop to =0 when the more reac-
tive oxygen species dominate all surface sites
over nitrogen species at higher O, contents.
This result suggests that O, must have another
way of influencing the LiNR system.

What can increase the FE is a decrease in
the Li diffusion rate (Fig. 3A). This is simply
because Li electrodeposition also competes
with the NRR for electrons. Ideally, one would
want Li diffusion or deposition to be slow
enough that it consumes a minimal number
of electrons while still providing a full mono-
layer of clean, freshly plated Li that is reac-
tive enough to dissociate nitrogen. Delayed
Li diffusion as a result of oxygen-induced
changes in the SEI layer has, indeed, been
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Fig. 3. Graphic illustration of the microkinetic model for Li-mediated ammonia synthesis. (A) Heatmap
of the predicted FE as a function of the ratio of nitrogen to lithium (x axis) and proton to lithium (y axis)
diffusion rates. The red star indicates the expected location of the 10-bar experiments without O, in the
system. The purple star indicates the improvement in FE if r; were selectively lowered by an order of
magnitude. The cone represents the uncertainty of the location of the purple star. (B) A one-dimensional plot
of FE cut along the optimal ry,/ry ratio (marked by the green dashed line in Fig. 3A) that clearly shows
the marked FE improvement that can result from lowering r;. The x axis is normalized so that the red star

corresponds to 1/r;; = 1.
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observed. Wang et al. recently showed that
0O, can specifically influence the SEI composi-
tion in nonaqueous lithium-air batteries, lead-
ing to increased SEI homogeneity as well as
diminished Li* diffusivity (3I). Such an effect
on Li* diffusivity should have a substantial im-
pact on the FE toward forming ammonia. If the
rates of nitrogen and proton diffusion, 7y, and
71, Temain unaffected by the oxygen content, a
decrease in the Li* diffusion rate will move the
operating point along the dashed diagonal
in Fig. 3A, leading to a substantial increase in
the FE. In reality, my, and 7y may also change
as a result of the oxygen-induced modification
of the SEI layer, but as long as the decrease is
less than that for 77, a net increase in the FE is
expected, as indicated by the conical shaded
area in Fig. 3A.

The improvement in FE, also shown in
Fig. 3B, is much larger than what can be ex-
pected from moving either horizontally (by,
e.g., changing N, pressure) or vertically (by,
e.g., changing proton activity) across the plot.
According to this picture, an optimal O, con-
tent should follow as a trade-off between FE
increasing at low values because of restricted
Li* diffusivity and decreasing at high values
when the ORR starts dominating over the
NRR. Furthermore, both the optimal O, con-
tent and resulting maximum FE should cor-
relate directly with N, pressure when the NRR
is in the nitrogen-limited regime. As seen from
Fig. 3A, increasing N, pressure (i.e., moving
horizontally to the right on the heatmap) in-
creases FE until the NRR is pushed into the
proton-limited regime. The optimal O, content
is defined by the competition between NRR
and ORR and, while increasing N, pressure in
the nitrogen-limited regime, the maximum FE
should occur at same absolute O, partial pres-
sure or a proportionally lower O, content, exact-
ly as observed experimentally (Fig. 1).

Compositional changes in the SEI layer in
the presence of O, are also consistent with
the observed improvement in stability. For
Li-ion batteries, the addition of O, has been
shown to form a more homogeneous and uni-
form SEI layer, leading to increased cyclability
(31). A more homogeneous layer could lead to
more uniform Li plating in the LiNR system,
thereby keeping the total cell potential stable
for longer. Supporting this hypothesis, we visu-
ally observed a change in the deposit on the WE
from experiments without O, (0.0 mol % O,),
with added O, achieving optimum FE (0.5 to
0.8 mol % O,), and with high O, concentrations
yielding little to no ammonia (>2.6 mol % Os).
The Mo foil at optimum O, content showed a
thick deposit on both sides, whereas in the
other cases, only a thin deposit on the side facing
the CE was observed (fig. S14:). This again proves
that O, affects the WE rather than the CE.

In conclusion, combining our model with a
diminished Li* diffusivity through the SEI layer

Li et al., Science 374, 1593-1597 (2021)
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Fig. 4. XPS and XRD data of the working electrode after electrochemistry without exposure to air.
Scans of three different WE foils postelectrochemistry with a constant ~4 mA/cm? applied under 20-bar N,
with varying amounts of O, present in the atmosphere. Foils were transferred without air exposure to

the respective systems. (A to C) XPS spectra of N 1s scanning window for samples with 0.0 mol % (A),
0.8 mol % (B), and 3.0 mol % O, (C) in the reaction atmosphere. More high-resolution scans and full survey
spectra are included in figs. S17 and S18. The N 1s peak at 0.8 mol % O, was seen in two independent
measurements. (D) XRD diffractograms of samples with 0.0, 0.8, and 3.0 mol % O, in atmosphere and pattern
of the PEEK dome transfer system, which creates reflections in the 15° to 30° region. Reference patterns for
Mo (ICSD: 998-005-2267), Li,0 (ICSD: 98-017-3206), LiOH (ICSD: 98-002-6892), LiClO4 (ICSD: 98-016-5579),
LiClO4 3H,0 (ICSD: 98-003-2534), and LisN (ICSD: 98-003-4779) are included.

in the presence of oxygen explains our experi-
mental observations and suggests that small
amounts of O, can act as a beneficial SEI addi-
tive or modifier to greatly improve both the sys-
tem’s apparent stability and FE toward ammonia.

SEI layer investigation

The key conclusion of the model is that the
high FE is a result of a SEI layer modified
by the addition of oxygen. To determine the
possible compositional effect of O, on the SEI
layer, we carried out three representative elec-
trochemical experiments at 20 bar with 0.0,
0.8, and 3.0 mol % O, in an autoclave kept
inside an Ar glove box (fig. S2C). For XPS, the
WE foils were loaded into a home-built vacuum
transfer system, rapidly evacuated to pressures
below 2 x107° mbar, and then loaded into the
XPS chamber having a base pressure below
9 x107'° mbar (fig. S15). For grazing inci-
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dence XRD, the samples were transported in
an air-tight polyetheretherketone (PEEK) dome
(fig. S16). Hence, both systems prevent air ex-
posure, as the samples are only exposed to the
glove box inert Ar atmosphere before loading
into the respective transfer systems.

As seen from XPS in Fig. 4, A to C, and fig.
S17, the most notable difference between the
samples with varying O, content is for the
sample with 0.8 mol % O,, wherein a peak
appears in the N 1s scanning window. On the
basis of the proposed reaction mechanism,
which suggests LizN as a precursor for am-
monia (25), we attribute that peak to Li;N. The
peak position also fits well with previously
reported spectra of LizN (37, 38). The XRD
pattern for LizN is not observed in Fig. 4 D,
because the formed Li;N is expected to be
mainly a surface phase and would also react
rapidly with protons to form ammonia. The
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0 mol % O, sample shows many XPS peaks
for Cl compounds, which are not observed
in the higher O, samples (fig. S17), indicating
that these additional species could cause the
premature overloading of the system. The XRD
diffractograms for the samples appear to in-
crease in complexity with increasing O, con-
tent, as more compounds appear. For all three
samples, the Mo foil is clearly visible, as well as
LiOH and LiClO,. The sample with 3.0 mol %
0, additionally shows hydrated LiClO,, as an
increase in O, leads to an increase in the ORR
(fig. S9 and tables S1 and S2). Furthermore,
Li,O is also faintly visible on this sample, as
would be expected on a sample with increased
0O, exposure.

The counterintuitive results shown in this
study focus attention on the effect of control-
ling the availability of competing H", N,, and
Li* ions at the catalyst surface. Our model
suggests that oxygen can slow Li* diffusion
through the SEI layer while keeping the op-
timal relationship between available H* and
N, at the surface. The modification of the
SEI layer through O, is well supported by
Wang et al. (31) and the experimental data
presented here. O, is shown to have an effect
on the deposition behavior (fig. S14), as well
as on the stability (Fig. 2). Because it was dis-
cussed previously that the increase in stability
is caused by more uniform Li plating (24), both
observations are evidence for O, influencing
the deposition of Li through modification
of the SEI layer. Further optimization of the
LiNR system in future studies may direct de-
sign of an artificial SEI layer with improved
transport-controlling properties, preferably
even without using Li as one of the constituents
to decrease the overall required cell potential.

‘We propose that the results presented here
put into perspective all previous LiNR publi-
cations that did not conduct their experiments
entirely in a glove box or with a fully controlled
atmosphere. Some experiments could have
small amounts of O, in the system, which
would lead to higher efficiencies but perhaps
also to large interexperimental variability

Li et al., Science 374, 1593-1597 (2021)

(poor reproducibility). Because even very small
amounts of O, can have such a critical effect,
we strongly recommend that the atmospheric
composition of the experiment be determined
and stated in all future studies. Our findings
should also lead to a substantial advantage in
the scale-up of the process, because the LINR
will not require ultrapure nitrogen, unlike
the Haber-Bosch process, in which even the
smallest contamination by oxygen is detri-
mental to the catalyst (39). The separation of
N, from air is industrially achieved by cryo-
genic separation in large facilities and is
therefore prohibitively expensive for a decen-
tralized system (40, 41).
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Materials and Methods

Electrochemical experiments

Measurements were done in a 3-electrode single compartment glass cell enclosed in an
electrochemical autoclave, placed in a fumehood. Electrolyte solution consisted of 0.3 M LiClO4
(Battery grade, dry, 99.99 %, Sigma Aldrich) in 99 vol. % tetrahydrofuran (THF, anhydrous, >99.9
%, inhibitor-free, Sigma Aldrich) and 1 vol. % ethanol (EtOH, anhydrous, Honeywell) and was
prepared in an Ar glovebox. Roughly, 30-40 p.p.m. of water contamination is measured in the
electrolyte via Karl Fischer Titration (831 KF Coulometer and 728 Stirrer, Metrohm). The working
electrode (WE) is a Mo foil (+99.9 %, 0.1 mm thick, Goodfellow) spot-welded with Mo wire
(99.85 %, Goodfellow) for good electrical connection. Prior to electrochemical tests, the WE is
dipped in 2 wt. % HCI (VWR Chemicals) to dissolve any surface species of Li, and rinsed in ultra-
pure water (18.2 MQ resistivity, Millipore, Synergy UV system) and EtOH. The WE is polished
using Si-C paper (Buehler, CarbiMet P1200), and again rinsed thoroughly in EtOH. The counter
electrode (CE) consists of a Pt mesh (99.9 %, Goodfellow), and the reference electrode (RE) is a
Pt wire (99.99 %, Goodfellow). The CE and RE are both boiled in ultra-pure water, and dried
overnight at 100 °C, then flame-annealed. The single compartment glass cell and a magnetic
stirring bar (VWR, glass covered) is boiled in ultra-pure water, and dried overnight at 100 °C in
air. The WE and CE are ~0.5 cm apart, and the surface area of the WE facing the CE is 1.8 cm?.
Prior to an electrochemical experiment, we introduce Ar gas (5.0, Air Liquide) into the empty
assembled cell placed in the autoclave for at least 30 min. The denser Ar gas substantially displaces
the atmospheric laboratory air, mainly consisting of N2 and O, in the system, as measured via

mass spectrometry. Next, we inject electrolyte solution into the cell in Ar atmosphere, and the



autoclave is closed. The N2 (6.0, Air Liquide) and synthetic air (20 % Oz in N2, 5.0, Air Liquide)
used in the experiments are first cleaned by purifiers (NuPure, pptV cleaning of all labile N
containing compounds) and the desired O2 contents are controlled via mass flow controllers
(Brooks Instrument). With this premixed gas, the pressure is increased to 10 bar and de-pressurized
to 3 bar a total of 10 times, in order to flush out any remaining atmospheric contaminants, then
filled to 10 or 20 bar for experiments. The system is left to rest for 20 min to equilibrate the
atmosphere composition with the electrolyte, and afterwards the oxygen content is read off from
the mass spectrometer signal (OmniStar GSD 320, Pfeiffer Vacuum). During the whole
experiment, the electrolyte is stirred at 250 rpm. Subsequently, the electrochemical experiments,
including potentiostatic electrochemical impedance spectroscopy (PEIS) to determine the
resistance in our cell, a linear sweep voltammetry (LSV) from open circuit voltage (OCV) until
lithium reduction is clearly seen, then chronopotentiometry (CP), followed by another impedance
measurement to ensure that the resistance has not changed, are started. After the experiment, the
water content is measured again. We determine the lithium reduction potential scale based on the
LSV. The onset for lithium reduction is quite clear, and we can thereby denote the potential vs.
Li/Li*. During CP, either a steady current density of -4 mA/cm? is used (hereafter denoted
deposition potential), or a cyclic method with -4 mA/cm? for 1 min, followed by 0 mA/cm?
(hereafter denoted resting potential) for 2-7 min, depending on whether the WE potential needed
to be increased, decreased, or stabilized. After 50 C of charge is passed the LiClIO4 concentration
is reduced from 0.3 M to 0.28 M, if we assume 100 % FE towards Li plating. Since the
consumption of Li* is so small we do not expect it to influence the measurements. We note that all

experiments were conducted at room temperature.



Colorimetric quantification of ammonia

Synthesized ammonia was quantified by a modified colorimetric indophenol method, previously
described(17). The sample absorbance was analyzed by UV/Vis spectroscopy (UV-2600,
Shimadzu) in the range from 400 nm to 1000 nm. The blank background solution is subtracted
from each spectrum, and the difference between the peak around 630 nm and the trough at around
850 nm is used. A fitted curve of the difference between the peak and trough of each concentration
showed a linear regression with an R? value of 0.998. We utilize this method, as opposed to the
more common peak based method, because long experiments might have solvent breakdown,
which can give a falsely high peak at the ammonia wavelength, due to interference from the
evolved solvent background. For each measurement, four 0.5 mL samples were taken from the
electrolyte. One sample from the electrolyte is used as a background, and the mean and standard
deviation of the remaining 3 samples is reported in Table S1. The remaining samples were treated
as described previously (17), to determine the ammonia concentration. If the expected
concentration of ammonia exceeds the concentration limits of the indophenol method, the sample
is accordingly diluted with ultra-pure water after drying. Since rigorous testing with quantitative
isotope measurements were performed in our previous works in the same system, we did not repeat

them in this work (17).

Analysis of Solid electrolyte interface

To analyze the effect of oxygen on the solid electrolyte interface the WE was characterized after
electrochemistry with X-ray diffraction (XRD) and X-ray Photoelectron Spectroscopy (XPS). For

both techniques the reaction was performed in an autoclave inside an Ar filled glovebox and a



transfer system was used to minimize the exposure to air. For XRD a gas tight PEEK dome (Anton
Paar, Fig. S11) was used to cover the sample on top of the XRD sample holder during the
measurement. For XPS the sample was transported from the glovebox to the XPS via a vacuum
suitcase seen in Fig. S12. XRD data was recorded running the Data Collector v5.4 software on a
Malvern Pananalytical Empyrean X-ray diffractometer. On the incident beam path, a parallel beam
X-ray mirror for Cu radiation, a fixed mask 10 mm, and a fixed slit 1/8° placed 140 mm from the
sample were used. The diffracted beam path was equipped with a parallel plate collimator having
an opening of 0.18°. The source was an Empyrean Cu LFF HR gun operated at 45 kV and 40 mA,
with Ko = 1.540598 A. Grazing-incidence geometry was used to minimize the contribution of the
substrate, i.e. the Mo foil, with an incident radiation beam fixed at a grazing angle of 1.0°. The
data was analyzed with HighScore Plus v4.6a by Panalytical with reference patterns from the
Inorganic Crystal Structure Database (ICSD). The data were not fitted and no quantitative analysis
was performed since the peak intensities vary in GI-XRD measurements on thin films. Therefore,
only qualitative are drawn from this data and stated in the main text. X-ray Photoelectron
Spectroscopy was done using a ThermoScientific Thetaprobe instrument equipped with an Al Ka
X-ray source and having a chamber base pressure below 9-10°° mbar . Survey spectra were
recorded with 120 scans at 50 ms dwell time per 1 eV step. Elemental detail spectra were recorded
with 25-250 scans in 0.1 eV steps with 50 ms dwell time. The lateral resolution was 400 um and a
value of pass energy of 200 eV was used. The chamber pressure was risen to 1.3:10”7 mbar by
flowing 6.0 Ar gas in order as required by the use of a flood gun, which was used in charge
neutralization mode during the measurement. The data was acquired and analyzed using Thermo

Advantage v5.9917 by Thermo Fischer Scientific. All data was fitted with the Powell fitting



algorithm and the background determined by the Smart background option, which is based on the

Shirley background.

Supplementary Text

Energy efficiency and Faradaic efficiency calculations

To calculate the Faradaic efficiency (FE), the concentration, cnhs, of synthesized ammonia in the
electrolyte is measured via either a colorimetric or isotope sensitive method, along with the total
electrolyte volume, V, after each measurement. This is compared with the total charged passed, Q:

3'F'CNH3'V
Q

FEny, =
where F is Faraday’s constant, and 3 is the number of electrons transferred during the reaction for
each mole of NHs. To estimate the energy efficiency, 1, we considered the total amount of energy
put into the system via the potentiostat, Ein, and compared that to the energy contained in the total
amount of ammonia produced during the experiment, Eout. It should be noted that we do not include
pressure and energy from EtOH in our calculations. We define Eout by the free energy of reaction
of ammonia oxidation to N2 and water times the amount of ammonia produced, while Ein is given
by the total cell voltage between the counter electrode (CE) and working electrode (WE),

multiplied by the current to get the instantaneous power, and integrated over time:

_ Eoue _ AG, "Myh,
Ein fVcell(t) ’ I(t)dt




B Appendix

Paper 2

Increasing current density of Li-mediated ammonia synthesis with high surface area cop-
per electrodes

K. Li, S. G. Shapel, D. Hochfilzer, J. B. Pedersen, K. Krempl, S. Z. Andersen, R. Sazinas, M.
Saccoccio, S. Li, D. Chakraborty, J. Kibsgaard, P. C. Vesborg, J. Ngrsvov and I. Chorkendorff,
ACS Energy Letters, 2022, 7, 36-41.

128



Downloaded viaDTIC NATL TECH INFORMATION CTR on November 15, 2022 at 13:44:38 (UTC).

See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

http://pubs.acs.org/journal/aelccp

Increasing Current Density of Li-Mediated
Ammonia Synthesis with High Surface Area

Copper Electrodes

Katja Li" Sarah G. Shapel, Degenhart Hochfilzer, Jakob B. Pedersen, Kevin Krempl,
Suzanne Z. Andersen, Rokas Sazinas, Mattia Saccoccio, Shaofeng Li, Debasish Chakraborty,
Jakob Kibsgaard, Peter C. K. Vesborg, Jens K. Norskov, and Ib Chorkendorff*

Cite This: ACS Energy Lett. 2022, 7, 36—41

I: I Read Online

ACCESS|

[l Metrics & More |

Article Recommendations |

@ Supporting Information

ABSTRACT: The lithium-mediated ammonia synthesis is so far the only
proven electrochemical way to produce ammonia with promising faradaic
efficiencies (FEs). However, to make this process commercially competitive,
the ammonia formation rates per geometric surface area need to be increased
significantly. In this study, we increased the current density by synthesizing
high surface area Cu electrodes through hydrogen bubbling templating (HBT)
on Ni foam substrates. With these electrodes, we achieved high ammonia
formation rates of 46.0 + 6.8 nmol s™* cmgeo_z, at a current density of —100
mA/ cmgeo_2 at 20 bar nitrogen atmosphere and comparable cell potentials to
flat foil electrodes. The FE and energy efficiency (EE) under these conditions
were 13.3 £+ 2.0% and 2.3 £+ 0.3%, respectively. Additionally, we found that

o0 N,
@ EtOH
@ NI,
@ Lo

@

Cu foil > low rates

HBTNi - high rates

increasing the electrolyte salt concentration improves the stability of the system, which is attributed to a change of Li

deposition and/or solid electrolyte interphase.

lobal warming is arguably one of the biggest problems
G of our current society. It is caused by greenhouse

gases such as CO,, whose emissions are increasing
constantly. To counteract this, all possible CO, emissions
should be reduced. The ammonia production by itself is the
cause of ~1.4% of the global annual CO, emission, since it
utilizes steam reforming to obtain H,, which is then reacting
with N to form ammonia in the Haber-Bosch process.' ™ This
is not only harming the environment but is also heavily energy
consuming (1% of total yearly energy consumption) because of
its harsh conditions (100—200 bar, 350—450 °C).°~® Hence,
finding a sustainable alternative to the Haber-Bosch process
would be a huge step in mitigating climate change. One way to
achieve this is by electrifying ammonia synthesis, since
electricity can be acquired from renewable energy sources.
Although the area of electrochemical ammonia synthesis has
gained much scientific interest due to the large positive
implications,”™"” it still has some complications such as
impurities in the gas feed or chemicals and selectivity issues,
leading to erroneous reports and small faradaic efficien-
5721 Recently, protocols of how to conduct experiments
in this field and measure ammonia correctly were published,
which will help move the research in the right direction.'®**~**
So far it is believed that the only reliable way to make ammonia
electrochemically is the Li-mediated ammonia synthesis which

© 2021 American Chemical Society
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was initially developed by Fichter et al. in 1930*° and later also
studied by Tsuneto et al. over 60 years later.*® This method
uses a nonaqueous electrolyte to minimize the competing
hydrogen evolution reaction (HER). The exact mechanism is
yet to be elucidated, but most agree that it involves three main
steps.”® The first step is plating out metallic Li from a Li-salt,
which then reacts in the second step with dissolved N, in the
electrolyte, therefore splitting the stable triple bond and
forming Li;N or other N-containing compounds. Finally,
ammonia is made after protonation by a suitable proton source
like EtOH. Tsuneto et al. reported moderate faradaic
efficiencies (FEs) of around 6% at ambient conditions and
the inherent instability of the system,” but since the
rediscovery of this process by many groups, the FE and the
stability have increased."”'®**~** Up to this point, the highest
FE reported is 69% at 20 bar N,,”” where the sacrificial proton
donor was replaced with an ionic liquid based proton shuttle.
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Figure 1. Representative SEM images of pristine Ni foam (a—c) and Cu electrodeposited on Ni foam with the HBT method (d—f).

This already comes quite close to the goal set by the REFUEL
program of the US Department of Energy, who envision an FE
and energy efficiency (EE) of 90% and 60% respectively, at
current densities of 300 mA cm™2>" The current density,
however, has lagged behind with a recently set record of —25
mA cmgeo_z, which was achieved by Lazouski et al. by applying
the process to a gas diffusion electrode.'’ In this letter we
report the successful fabrication of high surface area Cu
electrodes, which achieved current densities of —100 mA
cmgeo_2 in a glass cell setup inside an autoclave at 20 bar N,
pressure.

It has to be noted that there are several definitions of surface
area. In this study the term geometric surface area is used to
describe the area that can be measured with a simple ruler,
whereas the electrochemical surface area (ECSA) is the area of
the working electrode that participates in the electrochemical
reaction and has to be determined experimentally.

Tsuneto et al. tested several metals as working electrode
material, and as long as the metal does not alloy with Li, it can
be used.”” Specifically Mo'®*® and Cu***’ electrodes have
been previously reported as suitable working electrode
materials for the Li-mediated ammonia synthesis. Therefore,
the aim was to make highly structured electrodes for one of
these metals. The hydrogen bubble template (HBT) method
was chosen to achieve this, since it is an easily up-scalable
process. This technique creates porous metal structures by
simultaneously plating a metal from a metal salt electrolyte
while forming hydrogen through hydrogen evolution reaction
(HER) at high overpotentials.”> HBT is mostly utilized for
Cu’*7>° but has also been used with other metals such as Pt,*
Pd,* Ru,”” and Co.*® To the best of our knowledge, HBT has
only been applied on flat substrates, but in this letter we used
this method on Ni foam. This allows us to increase the surface
area even further, by utilizing the already porous structure of
Ni foam. With this technique, we managed to create highly
structured Cu electrodes for the Li-mediated ammonia
synthesis. The electrodes were characterized by scanning
electron microscopy (SEM), energy dispersive X-ray analysis
(EDX), and X-ray photoelectron spectroscopy (XPS).
Furthermore, the electrochemical surface area was measured
by capacitive cycling. Lastly, the performance of the working
electrodes was tested at 20 bar N, in a home-built autoclave,
where we achieved current densities of —100 mA/cmge(,2 at

37

similar cell potentials and FE compared to flat working
electrodes.

For making the high surface area electrodes, we used a Ni
foam of 0.5 cm® geometric surface area as substrate. The
hydrogen bubble templating was performed in 0.4 M CuSO,
dissolved in 1.5 M H,SO, electrolyte with a split Pt mesh
counter electrode to achieve homogeneous deposition on both
sides. The Ni foam working electrode was placed in between
the two Pt mesh counter electrodes with a separation of ~1 cm
between each of them, and a constant current of —5 A was
applied for 15 s. Upon start of the deposition, heavy gas
evolution was observed at the working electrode (HER) and
counter electrodes (oxygen evolution reaction OER). The
resulting hydrogen bubble templated Cu on Ni foam
(HBTCu) was washed in EtOH, dried in vacuum for at least
1 h, and stored in an Ar glovebox before use, to prevent
oxidation of Cu as much as possible. A more detailed
description of the process and a real life image of HBTCu
(Figure S1) can be found in the Supporting Information (SI).

When compared to the pure Ni foam (Figure la—c), the
SEM images of the HBTCu (Figure 1 d—f) reveal a great
increase of surface area. There are noticeably two different
morphologies observed at the topmost exposed round (Figure
1 b, e) and the inner flat surface structures (Figure 1 ¢, ). A
closer look and discussion of these two regions is provided in
Figure S2. To ensure that the whole Ni surface is covered by
Cu, SEM-EDX (Figure S3) and XPS (Figure S4) were carried
out. Furthermore, cross sections of HBTCu were taken by
SEM (Figure SS). All data show that the Ni foam structure is
completely covered by Cu after the treatment, both on the
outer surfaces and across its thickness. Since the resulting
morphologies are heavily dependent on the deposition
conditions (time and current), it is possible to modify and
optimize the deposition, which will be a focus in future studies.

To determine the ECSA of the deposited HBTCu
electrodes, capacitive cycling in 2 M LiClO, electrolyte was
carried out to simulate the reaction conditions for ammonia
synthesis. In previous Li-mediated ammonia synthesis
publications, the electrolyte salt concentration was around
0.3—0.5 M,"'%2%28 but the concentration was increased to 2
M in this case to reduce the solution resistance and the double
layer thickness. It has been shown previously that the double
layer thickness scales with electrolyte salt concentration and
therefore more surface area can be accessed with higher salt

https://doi.org/10.1021/acsenergylett.1c02104
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Figure 2. Representative capacitive cycling data of 0.5 cmgm2 HBTCu in 2 M LiClO,. (a) Cyclic voltammetry at different scan rates (10—100
mV s7') from 0 to —0.2 mV vs OCV. (b) Change in current versus scan rate and calculated ECSA. The change in current was determined at
—0.1 V vs OCV. The ECSA measurement was repeated on three independent HBTCu electrodes.
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The CE potential of the Cu foil experiment was smoothed due to a loose connection. The unsmoothed raw data can be seen in Figure S10.

All experiments were carried out three independent times.

concentrations.”” For ECSA determination by capacitive To test the performance of the synthesized HBTCu,
cycling, the specific capacitance of the material in the electrochemical synthesis of ammonia was carried out in a
respective electrolyte is needed. To obtain the specific home-built autoclave (Figure S7) at 20 bar N,. The N, (6.0,
capacitance of Cu in 2 M LiClO,, a Cu stub of known surface AirLiquide) was cleaned with purifiers (NuPure) to remove

any traces of labile N-containing compounds. Pt mesh and Pt
wire were used as the counter and pseudo reference electrode,
respectively. The electrolyte consisted of 2 M LiClO, in
tetrahydrofuran (THF) with 1 vol % of EtOH as the proton
source. To directly compare the high surface area Cu
electrodes to flat surfaces of the same material, two sets of
experiments were conducted, using HBTCu and Cu foil as the
working electrode, respectively. Additionally, reference experi-
the process with three independently synthesized HBTCu, an ments of pure Ni foil and HBT on Ni foil are included in the SI

area (0.2 cm®) was polished with diamond paste until the
geometric surface area was equal to the ECSA. Then cyclic
voltammograms (CV) were carried out in 2 M LiClO, at
different scan speeds (10—60 mV s™') from 0 to —0.2 mV vs
OCV. With this, a specific capacitance of 0.017 mF cm™ was
determined for Cu. The electrochemical data and calculation
methods can be found in the SI and Figure S6. After repeating

ECSA of 66.5 + 7.1 cm® was determined as shown in Figure 2. (Figure S10, Table S1). After 20 min at OCV, linear sweep
If compared to the previously used current density of —2 mA voltammetry (LSV) was initiated from OCV until Li plating
cmgeo_2 *% this electrode should theoretically be able to sustain can be observed (Figure 3b). The ammonia was then
a current density of around —130 mA cm,,,?, if scaled linearly. synthesized at a constant current density of —2 mA cmg,,
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(Figure 3a) for Cu foil and —100 mA cmge[,_2 for HBTCu.
SEM images were taken of the electrode after electrochemistry
to test the physical stability in Figure S8. The image does not
show big changes in the morphology, which suggests that the
electrodes can be reused. Additional stability tests will be
provided in future studies. The possibility of oxidation of
ammonia at the CE was excluded since it was previously shown
that ammonia oxidation does not occur at acidic conditions*’
and our electrolyte is believed to be acidic due to THF
oxidation at the counter electrode.”” The ammonia content
was measured by a modified indophenol blue method (Figure
$9). A more detailed description of the experimental procedure
can be found in the SL

The large differences in potential, especially on the CE side,
stem from uncompensated resistances. The measured
resistances for the measurements are given in Table S1, and
the compensated CP is shown in Figure S10a. To compare to
our previous work,”® the LSV and CP of a Mo foil in 0.3 M
LiClO, was inserted. Cu and Mo can be used interchangeably
as working electrode materials, as is suggested by literature.*>°
Figure 3b shows that HBTCu achieves much higher current
densities at similar potentials due to its higher surface area,
while Mo and Cu foil behave similarly, as expected.
Interestingly, both the working electrode potentials for Cu
foil and HBTCu (in 2 M LiClO, electrolyte) appear stable in
the CP (Figure 3a), whereas Mo foil (in 0.3 M LiClO,
electrolyte) starts destabilizing in the first few minutes of the
experiment. This indicates that the high salt concentration is
beneficial for stabilizing the working electrode potential. Since
cycling the deposition current between OCV and negative
currents, hence only plating a little Li at a time, also increases
the stability,”® it is believed that the destabilization arises from
too much or uncontrolled Li deposition. This overplating of Li
could lead to a passivation layer by decomposition products
with metallic Li and therefore decreasing the working electrode
to more negative potentials. The finding here suggests that the
high salt concentration is limiting the reaction of metallic Li
with the electrolyte by possibly surrounding the plated Li with
other Li* ions and thus shielding it from THF or EtOH. A
similar shielding of Li* ions from the solvent was also
postulated in Li-ion battery studies, where Li salt based
electrolytes of up to 21 M concentrations were utilized.*'
Additionally, the high salt concentration might have an
influence on the solid electrolyte interphase (SEI) layer,
which forms on metallic Li in organic solvents. It was
previously discussed that this SEI layer influences the diffusion
rates of the reactants and is therefore believed to be important
for FE and also stability.”® Further studies of the SEI layer at
different electrolyte concentrations as well as flat and rough
substrates are needed to provide a clear answer for the
observed phenomenon. The FE and EE were comparable for
both electrodes being 13.3 + 2% and 2.3 + 0.3% for HBTCu
and 13.6% =+ 1.0 and 3.9 & 0.3% for Cu foil. However, the big
benefit of HBTCu lies in the rate of ammonia formation with it
being 46.0 + 6.8 nmol s~ cm,,, > for HBTCu and 1.0 + 0.1

geo
nmol s™' cm,,, > for Cu foil, for three independent

€0

measurements. gTo compare the results with other studies in

the Li-mediated ammonia synthesis area, Figure 4 shows the
FE and current densities of previous publications.

It is clear that the fabricated HBTCu electrodes presented in

this study bring the field a big step further in terms of current

densities and therefore scale-up potential. With the FE already

approaching high values of around 70%,”” more attention
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Figure 4. Current densities and FE of previous publications on the
Li-mediated ammonia synthesis. The different working electrode
geometries include Mo foil,"*** Cu foil,*° stainless steel mesh,"’
and Cu wire.””

should now be given to increasing the current densities. The
here obtained FEs are relatively low if compared to”® where
Andersen et al. achieved 25% in a comparable system. The
only difference is that we used a 2 M electrolyte instead of a
0.3 M electrolyte, leading to the conclusion that the salt
concentration has an influence on the FE. This might be due to
the very reactive ClO,” anion or possibly to changes to the
SEL The thorough investigation of this salt effect will be a
focus of future studies. Furthermore, we believe that the next
step should be to remove the sacrificial proton source and
implement hydrogen oxidation reaction (HOR) at the CE,
similarly to Suryanto et al.'® Only after that is achieved, we
plan to optimize the FE of these high surface electrodes. We
hope that this work encourages other scientists in the field to
consider this area. If these high surface area electrodes are
combined with other aspects that are believed to enhance the
FE, the Li-mediated ammonia synthesis has a huge potential to
mitigate a part of the Haber-Bosch process into a sustainable
ammonia production.

In summary, we accomplished the synthesis of high surface
area Cu electrodes through HBT on Ni foam substrates, which
can be used for the Li-mediated ammonia synthesis. High
current densities of —100 mA crngeo_2 were achieved, leading
to an increase of ammonia formation rate by a factor of 50
compared to flat Cu foil in the same system, based on
geometric surface area. The FE and EE between HBTCu and
Cu foil remain comparable (HBTCu: 13.3 + 2.0% and 2.3 +
0.3%; Cu foil: 13.6% + 1.0 and 3.9 + 0.3%), albeit with current
densities of —100 mA cmgeo_2 and —2 mA cmgeo_z,
respectively. We believe additional optimization of the
templating conditions and reaction electrolyte can further
enhance the performance. Furthermore, it was observed that
increased salt concentration in the electrolyte improves the
stability of the system, by possibly inhibiting the formation of a
passivating decomposition layer or changing the SEI layer
composition. Hence, the findings shown here will not only
bring us a big step further toward industrializing the
electrochemical ammonia production but also provide
scientific insight into the mechanism of the still elusive Li-
mediated ammonia synthesis.
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Experimental Methods

Synthesis of Cu hydrogen bubble templated Ni foam

The Ni foam (99.5 %, porosity: 95 %, pores/ cm: 20, Goodfellow) or Ni foil (99.99+ %,
Goodfellow) was cut into 0.5 cm? pieces, cleaned in H3PO4 (85 %, Supelco) and sonicated three
times in ethanol (EtOH). Afterwards, they were attached to a Cu wire (99.98+ %, Goodfellow) and
used as the working electrode. Two Pt meshes (Ageo= ~2 cm?, 99.9 %, Goodfellow), were
electrically connected and used as a split counter electrode, where the Ni foam working electrode
was positioned in the middle during deposition. As electrolyte a 0.4 M CuSO4 (Merck) in 1.5 M
H2S04(99.999%, Sigma Aldrich) solution was used. In this two-electrode setup a constant current
of -5 A was applied for 15 s to create the porous Cu deposit on the Ni foam. After the deposition
process the electrodes were cleaned in EtOH and dried in vacuum before being stored in an Ar

glovebox to prevent oxidation of Cu.

Characterization by SEM-EDX and XPS

The deposited samples were characterized with several different techniques. Scanning Electron
Microscopy (SEM) images were taken with a Quanta FEG 250 SEM from FEI, equipped with an
Oxford Instruments 80 mm? X-Max silicon drift EDX detector for elemental mapping. The
morphology of the samples shown in Figure 3 was recorded with an ETD detector for secondary
electrons at 20 kV. The cross section of HBTCu and Ni foam were measured by cutting the
electrode in half and putting them vertically on the sample holder. X-ray Photoelectron

Spectroscopy was done using a ThermoScientific Thetaprobe instrument equipped with an Al Ka



X-ray source and having a chamber base pressure below 9-10'° mbar. Survey spectra were
recorded with 20 scans at 50 ms dwell time per 1 eV step. Elemental detail spectra were recorded
with 20 scans in 0.1 eV steps with 50 ms dwell time. The lateral resolution was 400 um and a pass
energy of 200 eV was used. The data was acquired and analyzed using Thermo Advantage v5.9917
by Thermo Fischer Scientific. All data was fitted with the Powell fitting algorithm and the
background determined by the Smart background option, which is based on the Shirley

background.

Surface area measurement by capacitive cycling

To get the specific capacitance of Cu in 2 M LiClO4 (Battery grade, dry, 99.99 %, Sigma Aldrich)
in tetrahydrofuran (THF, anhydrous, >99.9 %, inhibitor-free, Sigma Aldrich) a Cu stub ( 0.2cm?)
was first mechanically polished with diamond paste (DP-Pase M, 3 um) on a micro-fibre cloth and
subsequently electropolished in 66 % H3PO4 at 2 V vs Cu for 2 min. Then cyclic voltammetry was
performed in an Ar glovebox in a glass cell with Pt mesh as a counter electrode and Pt wire as a
pseudo reference electrode in 2 M LiClO4 in THF. The setup was first purged with Ar (5.0, Air
Liquide) for at least 20 min to remove any trace Oz and N> and then an equilibration time of at
least 20 min at open circuit voltage was set. After a stable OCV was obtained CVs were performed
at 0 to -200 mV vs OCV at scan rates between 10 — 60 mV/s. To measure the electrochemical
active surface area of the deposited HBTCu samples the same experimental procedure was
followed, substituting the Cu stub with a HBTCu sample. The calculation of the ECSA is shown

below in supplementary text and calculations.

Electrochemical ammonia synthesis




Measurements were done in a 3-electrode single compartment glass cell enclosed in an
electrochemical autoclave, placed in a fumehood. Electrolyte solution consisted of 2 M LiClOg4 in
99 vol. % THF and 1 vol. % EtOH (anhydrous, Honeywell) and was prepared in an Ar glovebox.
The working electrode (WE) is a Cu foil (+99.9 %, 0.1 mm thick, Goodfellow), Ni foil or the
synthesized HBTCu (on Ni foam and Ni foil) both attached to a Cu wire for electrical contact. The
counter electrode (CE) consists of a Pt mesh (99.9 %, Goodfellow), and the reference electrode
(RE) is a Pt wire (99.99 %, Goodfellow). The CE and RE are both boiled in ultra-pure water, and
dried overnight at 100 °C, then flame-annealed. When Cu foil (99.999 %, Puratonic) was used as
the working electrode it was electro-polished beforehand in 66 % H3PO4 (85 %, Supelco) for 3
min at 2 V vs. Cu. The single compartment glass cell and a magnetic stirring bar (VWR, glass
covered) is boiled in ultra-pure water, and dried overnight at 100 °C in air. The WE and CE are
~0.5 cm apart, and the surface area of the WE facing the CE is 0.5 cmge’. Prior to an
electrochemical experiment, we introduce Ar gas (5.0, Air Liquide) into the empty assembled cell
placed in the autoclave for at least 30 min. The denser Ar gas substantially displaces the
atmospheric laboratory air, mainly consisting of N> and O, in the system, as measured via mass
spectrometry. Next, we inject electrolyte solution into the cell in Ar atmosphere, and the autoclave
is closed. The N> (6.0, Air Liquide) used in the experiments is cleaned by purifiers (NuPure, pptV
cleaning of all labile N containing compounds) and the pressure is increased to 10 bar and de-
pressurized to 3 bar a total of 10 times, in order to flush out any remaining atmospheric
contaminants, then filled to 20 bar for experiments. The system is left to rest for 20 min to
equilibrate the atmosphere composition with the electrolyte. During the whole experiment, the
electrolyte is stirred at 250 rpm. Subsequently, the electrochemical experiments, including

potentiostatic electrochemical impedance spectroscopy (PEIS) to determine the resistance in our



cell, a linear sweep voltammetry (LSV) from open circuit voltage (OCV) until lithium reduction
is clearly seen, then chronopotentiometry (CP), followed by another impedance measurement to
ensure that the resistance has not changed, are started. We determine the lithium reduction potential
scale based on the LSV. The onset for lithium reduction is quite clear, and we can thereby denote
the potential vs. Li/Li". The onset potential for the representative LSVs in Fig 3b and Fig 10b are
-3.16 V,-3.59V,-347V,-3.3V,-3,25 V vs Pt. Pseudo for HBTCu, Cu foil, Mo foil, HBT on Ni
foil and Ni foil, respectively. During CP, either a steady current density of -2 mA/cmge is used
for the Cu foil experiments, or -100 mA/cmge,’ for the HBTCu experiments. We note that all

experiments were conducted at room temperature.

Quantification of ammonia

Synthesized ammonia was quantified by a modified colorimetric indophenol method, previously
described!. The sample absorbance was analyzed by UV/Vis spectroscopy (UV-2600, Shimadzu)
in the range from 400 nm to 1000 nm. The blank background solution is subtracted from each
spectrum, and the difference between the peak around 630 nm and the trough at around 850 nm is
used. A fitted curve of the difference between the peak and trough of each concentration showed
a linear regression with an R? value of 0.998. We utilize this method, as opposed to the more
common peak based method, because long experiments might have solvent breakdown, which can
give a falsely high peak at the ammonia wavelength, due to interference from the evolved solvent
background. For each measurement, four 0.5 ml samples were taken from the electrolyte. One
sample from the electrolyte is used as a background, and the mean and standard deviation of the
remaining 3 samples is reported in Table S1. The remaining samples were treated as described
previously!, to determine the ammonia concentration. If the expected concentration of ammonia

exceeds the concentration limits of the indophenol method, the sample is accordingly diluted with
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Introduction

Towards understanding of electrolyte degradation
in lithium-mediated non-aqueous electrochemical
ammonia synthesis with gas chromatography-mass
spectrometryy

Rokas Sazinas, & Suzanne Zamany Andersen i) Katja Li [i0) M}g\ttia Saccoccio, ©
Kevin Krempl, = Jakob Bruun Pedersen, & Jakob Kibsgaard, ® _
Peter Christian Kjaergaard Vesborg, {2 Debasish Chakraborty and Ib Chorkendorff ) *

Lithium-mediated electrochemical ammonia synthesis (LIMEAS) in non-aqueous media is a promising
technique for efficient and green ammonia synthesis. Compared to the widely used Haber—Bosch
process, the method reduces CO, emissions to zero due to the application of green hydrogen.
However, the non-aqueous medium encounters the alkali metal lithium and organic components at high
negative potentials of electrolysis, which leads to formation of byproducts. To assess the environmental
risk of this synthesis method, standardized analytical methods towards understanding of the degradation
level and consequences are needed. Here we report on the implementation of an approach to analyze
the liquid electrolytes after electrochemical ammonia synthesis via high-resolution gas chromatography-
mass spectrometry (GCMS). To characterize the molecular species formed after electrolysis, electron
ionization high-resolution mass spectrometry (EI-MS) was applied. The fragmentation patterns enabled
the elucidation of the mechanisms of byproduct formation. Several organic electrolytes were analyzed
and compared both qualitatively and quantitatively to ascertain molecular composition and degradation
products. It was found that the organic solvent in contact with metallic electrodeposited lithium induces
solvent degradation, and the extent of this decomposition to different organic molecules depends on
the organic solvent used. Our results show GCMS as a suitable technique for monitoring non-aqueous
electrochemical ammonia synthesis in different organic electrolytes.

emissions for ammonia (NH;) production by the Haber-Bosch
process. The LIMEAS could be operated on a local level e.g.

Lithium-mediated electrochemical —ammonia synthesis
(LIMEAS) is a promising alternative to the traditional complex
thermochemical Haber-Bosch process,' which predominantly
requires high temperatures (400-500 °C) and pressures (150-
200 bar) coupled with a steam reforming plant for hydrogen
(H,) production.® On the other hand, the LIMEAS is thermody-
namically driven by an electrical potential instead of high
temperatures and pressures, and the chemical reactivity of
lithium towards nitrogen gas (N,).” By utilization of green
electricity from e.g. wind or solar energy sources, the process
can be considered a renewable alternative. This enables softer
operation conditions in a modular fashion, similar to a flow
reactor,® and leads to lower capital costs for the process without
greenhouse gas emissions compared to the 1.4% of global CO,

Department of Physics, Technical University of Denmark, Kongens Lyngby, 2800,
Denmark. E-mail: ibchork@fysik.dtu.dk
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information (ESI) available. See DOL

© 2021 The Author(s). Published by the Royal Society of Chemistry

individual farms or greenhouses, thereby further eliminating
the need for transportation and storage. This alternative
decentralized NH; production method turns against the
centralized nature of Haber-Bosch making ammonia accessible
at a local scale and employing renewable energy sources e.g.
wind or solar. The production of H, (for example, water split-
ting) may overcome some of the issues associated with the
traditional Haber-Bosch process, such as the large amount of
CO, from steam reforming® emissions and high cost.?

A typical LIMEAS cell consists of a noble metal anode e.g.
platinum (Pt) and transition metal cathode which does not
interact or alloy with lithium (Li) e.g. molybdenum (Mo).'*** The
electrodes are usually submerged in the non-aqueous organic
electrolyte with or without a membrane or separator. The elec-
trolyte is composed of a conducting Li salt and a solvent, typi-
cally lithium perchlorate (LiClO,)"* and tetrahydrofuran (THF),
respectively.’®® Other mostly ether-based solvents, such as
dimethoxyethane (DME) or diethyleneglycol dimethyl ether or
diglyme (DG) can also be used for LIMEAS. Thus, the influence

RSC Adv, 2021, 11, 31487-31498 | 31487
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ABSTRACT: Although oxygen added to nonaqueous lithium-mediated a o
electrochemical ammonia synthesis (LiMEAS) enhances Faradaic £ \ §
efficiency, its effect on chemical stability and byproducts requires _§ _— 3
understanding. Therefore, standardized high-resolution gas chromatog- g 14 8 2
raphy—mass spectrometry and nuclear magnetic resonance were ~on @ . 5 9 2
employed. Different volatile degradation products have been qualitatively : e No  Optimal Excess
analyzed and quantified in tetrahydrofuran electrolyte by adding some Lt +0, 0 content

oxygen to LiMEAS. Electrodeposited lithium and reduction/oxidation of eatficds :

the solvent on the electrodes produced organic byproducts to different € v P ° A LL',%?
extents, depending on the oxygen concentration, and resulted in less ~on @ I N PolyTHF LiOH - xH,0
decomposition products after LIMEAS with oxygen. The main organic ~ Li "0 NHy e SEN
component in solid-electrolyte interphase was polytetrahydrofuran, which i Hz0 S

disappeared by adding an excess of oxygen (3 mol %) to LIMEAS. The

total number of byproducts detected was 14, 9, and 8 with oxygen

concentrations of 0, 0.8, and 3 mol %, respectively. The Faradaic efficiency and chemical stability of the LIMEAS have been greatly
improved with addition of optimal 0.8 mol % oxygen at 20 bar total pressure.

hermodynamically driven by an electric potential at (Cu), are employed.®™® The desired product, i.e, NH,, is

ambient temperature and pressure, lithium-mediated synthesized when the electrodes are submerged in the
electrochemical ammonia synthesis (LIMEAS) can potentially nonaqueous organic electrolyte, which consists of a conducting
compete with the traditional thermochemical Haber—Bosch salt, e.g., lithium perchlorate (LiClO,);” an organic solvent,
process' > with its high temperatures (400 °C) and pressures e.g., tetrahydrofuran (THF) ;%' and a potential proton source,
(150—200 bar). This method of ammonia (NH;) production such as alcohol or hydrogen (H,).>~” The charge is usually
is responsible for the emission of a large amount of CO, passed at high overall cell potentials (>5 V). Our recent study
(around 1%) associated with steam reforming emissions and is described the stability of LIMEAS with the emphasis on the
characterized by high capital costs related to the high-pressure evolution of the electrolyte degradation products and showed
and hi%h—temperature requirements of the Haber—Bosch that prolonged constant current reaction may lead to
process.” On the other hand, the nitrogen reduction reaction significant changes in the electrolyte composition and SEI,
(N2RR) between lithium (Li) and nitrogen (N,) is driven by presumably deteriorating the efficiency of the whole
the affinity and chemical reactivity of Li toward N, through the LiMEAS."" The decomposition reactions which have been

formation of lithium nitride, Li;N, or other N-containing Li
materials at ambient temperature and pressure.” LIMEAS can

be even fully powered by renewable energies; it thus offers behavior of lithium ion batteries (LIB) cells with various

CO,-free operation, and because of its milder process approaches, including gas chromatography—mass spectrometry

conditions, it can be decentralized in smaller and less capital- (GCMS).12_14 Our recent work on stability of LiMEAS
intensive plants.

Even though it seems simple and is effective, LIMEAS is a
chemically complicated process performed in an electro-
chemical cell by application of the potentials close to Li
deposition. The LIMEAS mechanism is not fully understood to
date, although the literature has some speculative models.” For
an assembly of a typical LIMEAS cell, a noble metal anode, e.g.,
platinum (Pt), and a transition metal cathode which does not
interact and alloy with Li, e.g., molybdenum (Mo) or copper

identified are hydrolysis, ring-opening, and oxidation products
of the electrolyte.'" There are many reports regarding the aging

monitored using GC with high-resolution MS for chemical and
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structural elucidation is a pioneering approach toward stability
of LIMEAS in different organic electrolytes.'""*

Taking into consideration that Li metal is very reactive
chemically, one would assume that its instability and reactivity
with traces of moisture (H,0); O,; and organic solvent
components, such as ethanol (EtOH) and THF, should
deteriorate LIMEAS.'® However, this is not the case; it has
been reported recently by our group that small amounts of O,
boost the LIMEAS.'® Tt is very important to mention that the
electrochemical reduction of the electrolyte on the negative
electrode of LIB results in the formation of the solid electrolyte
interphase (SEI),"” which must be considered in LiMEAS as
well. Both inorganic and organic components of this SEI are
required for long-term performance if it is permeable for Li
ions, thus protecting the highly reactive cathode against
unwanted reductive side reactions.’~"? The SEI layer on the
working electrode (WE) in LIMEAS would be different from
LIBs affecting the nature and amount of byproducts, which
dissolve in the electrolyte and stay as part of the SEL*°~>* The
nature of the SEI is distinct to prevent further electrolyte
decomposition, improving the synthesis process, and would
depend on the conditions and various aspects and parameters
of LIMEAS.

In the current study we demonstrate that small amounts of
oxygen (O,) present together with N, gas enhance not only
the FE but also the stability of the electrolyte in LIMEAS. For
analyzing and identifying mainly organic degradation products
or byproducts in both the electrolyte and SEI, high-resolution
GCMS and nuclear magnetic resonance (NMR) were
employed. We compared the outcome and stability of LIMEAS
with different O, concentrations in nonaqueous LIMEAS both
qualitatively and quantitatively. It has been shown that 0.8 mol
% of O, is an optimal amount for promotion of LiMEAS
toward NH; with improved stability of the nonaqueous organic
electrolyte based on THF.*'¢

Typical electrochemical results obtained for LIMEAS in an
autoclave (see Figure S1) at elevated total pressure (20 bar)
and ambient temperature with Mo WE of 1.8 cm?® area are
shown in Figure 1. A total amount of 50 C charge was passed
in 116 min with current density of —4 mA cm™. The regular
LiMEAS in THF without O, (Figure 1a) shows an unstable
voltage profile where the WE potential drops significantly after
10 min. In contrast, the electrolyte with optimal O, content of
0.8 mol % demonstrates a more stable WE potential (Figure
1b). In addition, the most stable WE potential is seen with
excess (3.0 mol %) of O, (Figure 1c). The more oxygen in the
system, the greater the electrochemical stability. This can be
attributed to the complete reaction of Li with O, forming oxide
materials and suppressed accessibility for N, to reach the
metallic Li for N2RR as the Faradaic efficiency (FE) of
LiMEAS drops as well. Moreover, the WE potential with excess
O, is the most stable. This could be attributed to the most
stable SEI and permeability of Li ions in the SEIL The presence
of O, minimizes the decomposition products as supported by
the GCMS/NMR data. Consequently, most of the further
reduction occurs either as hydrogen evolution reaction (HER)
or electrolyte decomposition. Thus, the LIMEAS run with 0.8
mol % O, in the gas feed shows intermediate WE stability that
is markedly better than that observed in the absence of O,.
The electrochemical behavior observed for the experiments of
this work is in line with results we reported previously.”'”'***
One difference can be seen in the linear sweep voltammmetry
(LSV), shown in Figure S2, where a clear feature at —1.5 V vs
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Figure 1. Chronopotentiometry (CP) results of LIMEAS with the
presence of (a) 0, (b) optimal 0.8, and (c) excess 3 mol % of O,
added. All the experiments were performed at 20 bar (N, + O,) and
at —4 mA cm™* with 50 C of charge passed.

Pt pseudoreference (Ptpseudo) can be seen with the presence of
O,, which represents oxygen reduction reaction according to
the literature.'” For all of the cases in Figure 1, the counter
electrode (CE) potential is around 2 V vs Pt,,q4,- The noises
and some instability of CE were most likely due to mechanical
contact issues. We assume that the main reason for such a high
CE potential is electrolyte (THF and EtOH) oxidation and
formation of the products reported elsewhere.''

The FE of LiMEAS in THF electrolytes was evaluated using
an indophenol method described in more detail in the
Supporting Information.””** The LiMEAS resulted in FE of
10%, 56%, and 2% (all <1% error within 3 different
measurements) with 0, 0.8, and 3.0 mol % of O,, respectively.
The advantages of adding a small amount of O, to the system
over typical non-O, reaction can be clearly seen. Therefore, the
optimal amount of O, enhances the FE and electrochemical
stability of the system (Figure 1).

Several images of the WE in the Ar-filled glovebox after
LiMEAS for 2 h in THF are shown in Figure S3. Even though
the experimental conditions were the same, the images are
difficult to analyze. The WE with 0 and excess of 3 mol % O,
show only a thin deposit on the front side that is facing the CE.
A slightly thicker deposit is observed for the optimum O,
content of 0.8 mol %, both on the front and back sides of the

https://doi.org/10.1021/acs.jpclett.2c00768
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electrode. It should be noted that the formation of the
dendrites was not observed on the surface of the electrodes,
and the yellow color is due to image quality, not a yellow
deposit. A slightly more homogeneous surface was obtained for
the case of LIMEAS with optimal 0.8 mol % O, concentration,
especially in the peripheral shinny metallic part of the
electrode. The effect of O, on the FE and the WE potential
was investigated in detail in the literature.'®

Herein, we investigate the effect of O, on the stability of the
electrolyte with GCMS and NMR. For the GCMS analysis, all
the samples were analyzed for 20 min each with repeated
injections, and the temperature program used is shown in the
Supporting Information (Figure S4). Overall GCMS results are
shown in Figure 2 and Figures S5 and S6 in the Supporting
Information as 3D chromatograms after 2 h of constant current
LiMEAS in THF-based electrolytes with different O,
concentrations. The freshly obtained electrolytes were trans-
ferred to the GCMS after LiMEAS followed by immediate
analysis of the electrolytes to limit reaction of the electrolyte
with air and moisture. The experimental details regarding the
GCMS experiments and analysis of the samples are described
in brief in the Supporting Information and were reported by us
in detail in ref 11. Longer GCMS recording time did not reveal
any eluents from the samples, and all the byproducts of
LiMEAS eluted in less than 15 min. It can be seen that the
increase of the O, content in the system reduces the number
and the amount of the byproducts formed during LiMEAS.
The thorough analysis of the organic volatile species in the
electrolytes after LIMEAS resulted in 10, S, and S compounds
detected by GCMS for the 0, 0.8, and 3 mol % O,, respectively.
The results are shown in Tables S1—-S3 of the Supporting
Information. As shown in Figure 2 and summarized in Figure
3, the total number of organic volatile species detectable with
GCMS decreases with increasing O, content; the sum of the
total amounts (organic and nonorganic), however, increases
because of the permanent increase of H,O, which is caused by
the oxygen reduction reaction (ORR). On the other hand, the
addition of excess O, does not have an effect on the structure
of the byproducts introducing some novel or different
compounds, only the number and the amount of them. The
chromatograms become cleaner from organic species with
increasing O, (Tables S1—S3). The quantity and mass of the
decomposition products and their concentration measured in
the electrolytes decrease when the optimal 0.8 mol % O, is
added. On the other hand, the excess of O, induces much less
decomposition products than that without O,. This suggests
that denser or thicker surface films are formed on the basis of
inorganic Li compounds on the surface of the electrodes
because of reaction between Li and O,. Consequently, these
inorganic Li materials are not involved in further decom-
position reactions of the electrolyte.

The decomposition extent of the THF-based electrolyte
after LIMEAS with addition of O, to the system is exhibited in
Figure 3. The LIMEAS without O, leads to all the compounds
shown by green arrows (10). However, the addition of O, to
LiMEAS reduces the number of the byproducts formed during
the electrolysis represented by blue arrows (5), and the mass of
organic decomposition products decreases as shown in Figure
3a)b. The detected compounds were characterized and their
amounts were evaluated as summarized in Tables S1—-S3. It
can be seen that O, added to the LIMEAS electrochemical
system significantly improves FE for ammonia and stability of
the system. We hypothesize that this is due to the changes in
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Figure 2. GCMS contour chromatograms visualizing electrolyte
composition after LIMEAS with the presence of (a) 0, (b) 0.8, and (c)
3.0 mol % of O, added to the system.

the formation and stabilization of the SEI layer which inhibit
further decomposition of the electrolyte compared to LIMEAS
with only N, present, which gives relatively better stability of
the electrolyte and better protection of the electrode. The
second argument is that some O, present suppresses the HER
reaction from EtOH by employing it in oxidation reactions
toward acetaldehyde and acetic acid on the transition metal—
transition metal oxide surface, as has been reported previously
in the literature.”””* We have observed that EtOH at less than
1 vol %, as used in this study, increases FE but decreases
stability of the system; that is, more dendrites are formed and
more flakes are seen in the electrolyte (not reported in this
study). The LIMEAS demonstrates enhanced performance and
stability with the addition of the optimal amount of O,.
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Figure 3. GCMS results. (a) The spectrum of volatile byproducts - Al No O,
detected by GCMS in THF-based electrolyte after LIMEAS without
(green) and with (blue) addition of O,; (b) total number (blue A A
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content. The error bars represent three separate measurements of the 5/ppm

same experiment.

As can be seen in Figure 3b, the total amount of the organic
decomposition products detected by GCMS shown in Figure
3a is decreases from 0 to 0.8 mol % and increases from 0.8 to 3
mol % of O,, respectively. In total, the amount of H,O and
EtOH oxidation products, i.e., acetic acid and acetaldehyde,
increases with addition of O,.

Our NMR study after LIMEAS involves two main types of
samples: (i) solid residual on the WE and (ii) solid residual
from dried electrolyte. For the former, the WE was dried in the
glovebox atmosphere overnight and then washed with two
different deuterated solvents, i.e., CDCl; and D,O; for the
latter, the used electrolyte was first dried at 60 °C to evaporate
THF and EtOH, then the solid residual was dissolved in
deuterated solvent. Figure 4a presents NMR spectra of the dry
residue on the working electrode after LIMEAS washed with
CDCl;. As expected, no obvious signal of THF and EtOH is
visible as they were removed by drying the sample prior to

4608

Figure 4. '"H NMR results of the surface species on the working
electrode (WE) washed with CDCl, after LIMEAS with different O,
content in the feed gas. A and B show magnified parts of the spectra
for specific aliphatic protons of the polyTHF. (b) The 'H NMR
results of the surface species on the WE washed with D,O after
LiMEAS with different O, content in the feed gas. A and B represent
selected regions in the spectrum.

NMR analysis. This seems to be sufficient for removing most
of the volatile solvent because there are no obvious signals of
the electrolyte components. On the other hand, the main
organic component of the solid film on the surface of the WE
is the THF polymerization product, polytetrahydrofuran
(polyTHF), according to the chemical shifts and multiplicity
of the peaks.””*® This polymer is the main organic and
polymeric constituent of the SEI in LiMEAS together with
inorganic species reported previously,”'”** which is formed on
the surface of the WE and responsible for mass transport in
and out of the electrode surface. The characteristic signals at
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3.7—3.8 ppm belong to the protons of the methylene groups
attached to the carbon close to the heteroatom, i.e., oxygen in
—OCH,CH,CH,CH,0— chains.>® The chemical shifts at 1.8—
2.0 and 1.7 ppm belong to different protons attached
to the carbons between other carbon atoms
(—OCH,CH,CH,CH,0—) of polyTHF. The higher the
chemical shift, the closer the proton is attached to the
heteronucleus, i.e., oxygen in the chain. The latter polymer has
been reported and characterized in the literature as a substance
produced in acid-treated polymerization of THF;"' however, it
has not been reported in any electrochemical systems or as an
SEI component to date. PolyTHF forms on the surface of WE
with or without O, added to the system. However, with excess
O, (3 mol %), the surface of the electrode is most likely
completely dominated by hydrated lithium oxide materials
(LixOsz) because of increased reaction of electroplated Li
and O,, as can be seen in Figure S7 of the Supporting
Information. For other types of protons in the materials, no
aromatic or unsaturated protons have been detected in the
samples, as there are no peaks at 6—8 ppm and higher chemical
shifts, indicating that polyTHF is the main organic matrix of
the SEI. Only some additional peaks can be seen in Figure 4a,
which are very difficult to attribute to some structure of the
molecules, and we speculate that according to their chemical
shifts, they belong to lithium ethoxide (LiOCH,CH; or
LiOEt). The 'H NMR spectrum of the WE after LIMEAS with
excess (3.0 mol %) O, is relatively clean with respect to
protons detected in organic molecules including polyTHF,
indicating less organic decomposition products. Overall, the
NMR results lead to the conclusion that excess O, reacts with
electroplated Li and stops its activity toward electrolyte
decomposition on the WE but also shut down the ammonia
synthesis.

The '"H NMR investigation of the chemical species on the
WE soluble in H,O with different O, content in the feed gas is
shown in Figure 4b. For this purpose, D,O was used as a
solvent, and the results were identical for all three O,
concentrations. The main components of materials formed
on the surface of the WE are lithium hydroxide, LiOH, and
lithium hydroxide hydrates (LiOH-xH,O). No lithium hydride
(LiH) was detected ((—5) to (—20) ppm), as this would react
with any traces of H,O to form LiOH. We have previously
reported and described these materials as SEI components in
LiIMEAS using XRD and XPS,'" and they have also been
reported as components of SEI in LIBs.*> Also, aliphatic
protons belonging to most likely deuterated ethanol (DOEt)
can be seen.

The "H NMR spectra of the residue after LIMEAS dried at
60 °C from THF and EtOH and dissolved in CDCl; are shown
in Figure S7. The main components are a mixture of materials
recorded and already identified by GCMS and the polyTHF
described above and in Figure 4. Moreover, the aliphatic region
of the NMR spectra seems to be similar without and with
optimal 0.8 mol % of O,. On the other hand, the excess of O,
reduces the amount of signals with distinct chemical shifts,
indicating that less organic species are formed as byproducts of
LiMEAS, confirming the results discussed above and
previously.'" The samples with no and optimal oxygen contain
unsaturated carbons because of protons detected at 5—6.5 ppm
(Figure S7). This supports the GCMS findings shown in
Figure 3 when it comes to byproducts of the oxidation of the
solvent containing double or triple carbon bonds (Figure S7).

No signals at 7—8 ppm could be detected except CDCl;, which
indicates no aromatic protons.

It is therefore important to mention that we cannot evaluate
the whole extent of decomposition as the byproduct spectrum
after LIMEAS because other inorganic substances, such as
Li,CO; and lithium chloride, LiCl, are not detectable by
GCMS and 'H or '*C NMR. The latter methods, as with many
in the field, have to be supplemented by, e.g, XRD or XPS.
Thus, the “real” amount of byproducts would be different than
assumed here because of nonmeasurable inorganic species. We
have seen and reported several inorganic phases before by
XRD and XPS,*'>'*** and they are reproducible.

In summary, the stabilizing effect of oxygen in LIMEAS was
demonstrated in THF-based electrolyte by GCMS and NMR
analysis. It was shown that adding O, to the gas feed
suppresses the electrolyte degradation and chemical side
reactions, leading to a more efficient and stable LiMEAS
process and enhancing the chemical stability of the system. A
stable voltage profile for more than 2 h at a current density of
—4 mA cm™* and the least amount of the organic byproducts is
achieved with excess O,, however at the expense of reduced
FE. The total number of byproducts detected by GCMS and
NMR decreased with increasing O, and was 14, 9, and 8 with
O, concentration of 0, 0.8, and 3 mol %, respectively. The 0.8
mol % oxygen is optimal for very efficient and stable LIMEAS.
The high performance of LIMEAS with optimal amount of O,
presented in this work was attributed to the formation of a
stable and efficient SEI on the surface of the working electrode
run in THF-based electrolyte and the subsequent suppression
of hydrogen evolution reaction from the proton source, EtOH
or THF, in LiIMEAS. The use of O, in the THF-based
electrolyte is very promising as it makes it possible to obtain
more efficient and stable LiMEAS, while simultaneously
reducing the costs associated with purifying air to N,.
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Experimental Methods

Electrochemical ammonia synthesis

All the electrochemical experiments were conducted in a 3-electrode single compartment glass cell
placed in a home-built electrochemical autoclave inside an Ar glovebox. The setup is shown in
Figure S1. The regular electrolyte solution was prepared in an inert argon-filled (Ar) glovebox
from 0.3 M LiClO, (Battery grade, Sigma Aldrich) in 99 vol. % tetrahydrofuran (THF, anhydrous,
inhibitor-free, Sigma Aldrich) and 1 vol. % ethanol (EtOH, anhydrous, Honeywell). As a working
electrode (WE), molybdenum (Mo) foil (+99.9 %, 0.1 mm thick, Goodfellow) attached by spot-
welding to a Mo wire for electrical contact was used. The WE was cleaned in 2% HCl (VWR
Chemicals), rinsed in ultra-pure water (miliQ, 18.2 MQ cm™') and EtOH and polished with SiC
paper (CarbiMet, Buehler). Afterwards it was again rinsed in EtOH and dried before usage. The
counter electrode (CE) was made of a platinum (Pt) mesh (99.9 %, Goodfellow), and the reference
electrode (RE) was a Pt wire (99.99 %, Goodfellow). The CE and RE were boiled in ultra-pure
water (miliQ, 18.2 MQ cm!), dried overnight at 100 °C and finally flame-annealed before the
experiments. The single compartment glass cell and a magnetic stirring bar (VWR, glass covered)
are boiled in ultra-pure water, washed with EtOH for 3 times and dried overnight at 100 °C in air.
The WE and CE are ~0.5 cm apart, and the surface area of the WE facing the CE is 1.8 cmge,”.
The cell is brought into the glovebox straight from the oven while it is still hot, to limit H,O
sticking to the walls. The electrodes are mounted in the cell, and it is placed inside the autoclave
in the Ar atmosphere of the glovebox, and the autoclave is closed off. The N, (6.0, Air Liquide)

and synthetic air (20 % O, in N, 6.0, Air Liquide) used in the experiments was additionally cleaned



by purifiers (NuPure, pptV impurities of H,O and N-containing contaminants removed). To set
the molar ratio of O, in N, the flow of the N, and synthetic air was adjusted with mass flow
controllers (Brooks). The pressure in the autoclave was increased to 10 bar and de-pressurized to
3 bar 10 times with the gas mixture in order to remove any remaining Ar. Afterwards, the setup
was filled with O,/N, to 20 bar for the main experiments, and the ratio of gasses were measured
using a micron-sized orifice and a mass spectrometer (Pfeiffer Vacuum, OmniStar™, Gas Analysis
System). The system was usually left for 20 min at open circuit potential to allow the gasses to
equilibrate. The electrolyte was stirred at 250 rpm throughout the whole experiment to increase
the mass transport in the system and triple-phase boundaries (gas-liquid-solid). The
electrochemical experiments included the potentiostatic electrochemical impedance spectroscopy
(PEIS) to determine the resistance in the electrolyte, a linear sweep voltammetry (LSV) from open
circuit voltage (OCV) until clear and distinct lithium ion reduction, and a chronopotentiometry
(CP). After CP, another PEIS was run to ensure the changes in the resistance. The LSV was run
before CP in every experiment to determine the Li reduction potential scale, and the values were
reported versus platinum pseudo reference electrode (Ptpgeuq0). During CP, a steady current density
of -4 mA/cm? is used for all the experiments. It is important to note that all experiments were
conducted at ambient temperature in summer. Consequently, the FE values obtained are lower
compared to the values previously reported in our group!* due to the increase in temperature
(measured to be ~40 C with thermocouple in the glovebox),, which is detrimental to the reaction
since nitrogen solubility is inversely proportional to the temperature. After all the LIMEAS

experiments the electrolytes were colorless and transparent and did not change in time.



Quantification of ammonia

In all the experiments, the synthesized ammonia (NH3) was quantified by a modified colorimetric
indophenol method, previously described.’ As has previously been reported,® the GCMS could be
used to evaluate the concentration of NHj in the electrolytes after LIMEAS. However, the specially
designed program has to be applied to the ex situ measurements. The sample absorbance was
analyzed by ultraviolet-visible light (UV/Vis) spectroscopy using UV-2600 (Shimadzu)
spectroscope in the range 400-1000 nm. The blank background solution was subtracted from each
spectrum, and then the difference in absorbance at the peak around 630 nm and through around
860 nm is used. A fitted curve of the difference between the peak and trough of each concentration
showed a linear regression with an R? value of 0.998. This method is more advantageous opposed
to the more common peak based methods because long-time experiments might have solvent
breakdown, which can give a falsely high peak at the ammonia wavelength, due to interference
from the evolved solvent mixture background. For each measurement, 4 samples of 0.5 mL were
taken from the electrolyte. One sample from the electrolyte is used as a background, and the mean
and standard deviation of the remaining 3 samples is reported as error bars in Figure 3c. The
remaining samples were treated as described previously>®, to determine the NH; concentration. In
the case when the expected concentration of NH; exceeds the concentration limits of the

indophenol method, the sample is accordingly diluted with ultra-pure water after drying.

Gas chromatography — mass spectrometry (GCMS)

All of the gas chromatography-mass spectrometry (GCMS) measurements in this study were done

with an Agilent 6890N gas chromatograph with manual liquid sample injection. All the samples



were analyzed immediately after LIMEAS by injecting each of them (0.1 puL) to an inlet at 200 °C
and electron-ionized with 30 eV in order to form positive ions (e.g., M*). The injection volume of
0.1 pl was optimized to get reliable intensities of the peaks without overloading the detector. As a
carrier gas, helium (N5.0 purity, Air Liquide) was used with 5 mL min'! flow through the column
and 5 mL min™! purge flow. As a filter and collector, a cotton fiber in the inlet was used to avoid
deposition of lithium perchlorate (LiClO4) or any other non-volatile species present in the
electrolyte in the column upon evaporation of the injected liquid sample. The setup of 2 columns
connected in series was used in this study: a non-polar Agilent CP-Volamine (30 m x 0.32 mm x
0.32 um) and non-polar Agilent HP-SMS UI (30 m x 0.32 mm x 0.25 um). The temperature
program is represented in Figure S4. The GCMS experiments started at 50 °C which was held for
3 min. The ramping of the temperature with 10 °C min'! until 100 °C was performed with dwell
time at each temperature of 1 min. The temperature was held for 3 min at 100 °C, then ramped to
120 °C with 20 °C min™!, held for 1 min, ramped to 150 °C with 30 °C min™'. Finally, the system
was heated to 190 with 40 °C min™!, held for 3 min, and cooled down to room temperature. The
overall measurement time was around 25 min screening the mass range from 1-200 m/z with an
event time of 0.1 s in scan mode. It is very important to mention that before the GCMS
experiments, the blank electrolyte was injected in order to check for there was any in situ
decomposition reactions in GCMS. No volatile compounds except the components of the
electrolyte were detected —the initial electrolytes were clean with no side reactions in the hot GC

inlet.

EI-MS Analysis




The GC was interfaced with a sector mass spectrometer (Autospec v4.0 mass spectrometer, Waters
Corporation). A very high mass resolution of ~30000 and mass accuracy of 1-2 ppm were
achieved. Initially, the chromatograms and mass spectra were monitored and analyzed with
MassLynx v4.0 (Waters Corporation) software. The mass spectrometer was run in the electron
impact ionization (EI) mode with the following parameters: the temperature of the ion source
together with the GC inlet was set to 200 °C, and the filament was operated at a voltage of 30 eV.
The detector voltage was set relative to the respective tuning results. Compound identification and
corresponding structural formulae were assigned relying upon the National Institutes of Standards
(NIST) library’ and most of them including the more detailed description were reported
previously.® A full scan mode ranging from m/z 1 to 200 was applied to the instrument. The
compounds were confirmed with their retention time and fragment patterns of in-house made
standards from commercially available compounds (Sigma Aldrich). The compound of 100 ppm
was dissolved in THF and injected into GCMS. Before each run, a mixture of ethanol and THF
was used to rinse the lines and analyzed at the same time to generate a background spectrum. Every
recorded GCMS data set was processed and mass-by-mass analyzed in order to evaluate the
molecular masses of the molecular ions and fragmentation patterns using the OpenChrom and
MassLynx 4.0 software. As the initial data, the total ion current (TIC) chromatograms were
collected. However, each sample was thoroughly analyzed by m/z values as extracted ion
chromatograms (XIC or EIC). In a reconstructed-ion chromatogram (RIC), one or more m/z values
of interest are recovered taken and represented in time from the entire data set for a

chromatographic run,® revealing species if any at specific retention time of the chromatograms,



which were not visible in TIC. The total sum intensity, in other words called the base peak
intensity, within a mass tolerance range of interest around m/z of a particular compound is plotted
at every point in the analysis. The size of the mass tolerance range typically depends on the mass
accuracy and mass resolution of the data collecting instrument. XIC is generated by focusing upon
the ions of interest with specific m/z in the whole data set containing the full mass spectrum over

time after the fact. More discussion on the methods is given elsewhere.®

The area of the most intense XIC fragment of the eluting compound was integrated and compared
to the main peaks of THF and EtOH. After integration, the relative amount of compound was
estimated and compared to the appropriate in-house made 100 ppm concentration standard in THF.
The integration of the XICs method for other compounds is in a good agreement with the
experimental standards and confirms the evaluated amount of the compound molecule. Further

description of the method is given elsewhere.

The GCMS data was analyzed with super user-friendly open source software OpenChrom.’ It is

highly recommended for all the GCMS users.

NMR Analysis

The NMR spectra were acquired using an AVANCE III HD 400 MHz spectrometer equipped with
a 5 mm Prodigy probe with either deuterium oxide (D,0) or deuterated chloroform (CDCls). Prior
to NMR, the electrodes were kept in the Ar-filled glovebox overnight. In addition, the reference
THF+EtOH represents the 1 vol% EtOH solution in THF, and contains 4 main peaks belonging to

different protons of EtOH and THF. The proton on the oxygen is drifting and might not be seen in



general in the spectrum. As can be seen from Figure 4, this was enough to get rid of all the THF
and EtOH. All the chemical shifts of the samples were normalized to tetramethylsilane (TMS).
The very little variation of chemical shift of the NMR signals could appear due to slight differences
in the pH, volume, and/or temperature of the samples. The data was analyzed with Topspin 4.0.8
software. The concentration of the material from the surface of the WE was very small in order to
obtain 13C NMR spectrum. However, the latter is not useful in the specific application of this study
with organic multicomponent systems from multicomponent electrolytes and surfaces of the
electrodes. >N NMR spectrum was recorded additionally, however did not reveal any additional

information.

Faradaic efficiency calculation

In order to calculate the Faradaic efficiency (FE), the molar concentration, cyygz (mol L), of
synthesized NHj in the electrolyte is measured via an indophenol colorimetric UV/Vis along with
the total electrolyte volume, V (L), after each electrochemical measurement, and is compared to
the total charged passed, Q:

3-F- CNH3 -V
FEp, =5 — ()

where F is Faraday’s constant of 96485 C mol !, and the number 3 represents the electrons

transferred during the reaction for each mole of NH; as shown in the following equation,

1/2N, (2) + 3H* + 3e- — NH; (g) )
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Electrosynthesis of ammonia with high selectivity

and high rates via engineering
of the solid-electrolyte interphase

Shaofeng Li,"? Yuanyuan Zhou, " Katja Li," Mattia Saccoccio,' Rokas Sazinas,' Suzanne Z. Andersen,’
Jakob B. Pedersen,’ Xianbiao Fu,' Vahid Shadravan,’ Debasish Chakraborty," Jakob Kibsgaard,'

Peter C.K. Vesborg,' Jens K. Ngrskov,"* and Ib Chorkendorff’-3*

SUMMARY

Ammonia is a large-scale commodity essential to fertilizer produc-
tion, but the Haber-Bosch process leads to massive emissions of car-
bon dioxide. Electrochemical ammonia synthesis is an attractive
alternative pathway, but the process is still limited by low
ammonia production rate and faradaic efficiency. Herein, guided
by our theoretical model, we present a highly efficient lithium-
mediated process enabled by using different lithium salts, leading
to the formation of a uniform solid-electrolyte interphase (SEI) layer
on a porous copper electrode. The uniform lithium-fluoride-
enriched SEl layer provides an ammonia production rate of
2.5 + 0.1 umol s’ cmgeof2 at a current density of —1 A cmgeo*2
with 71% + 3% faradaic efficiency under 20 bar nitrogen. Experi-
mental X-ray analysis reveals that the lithium tetrafluoroborate elec-
trolyte induces the formation of a compact and uniform SEl layer,
which facilitates homogeneous lithium plating, suppresses the un-
desired hydrogen evolution as well as electrolyte decomposition,
and enhances the nitrogen reduction.

INTRODUCTION

Ammonia (NH3) is one of the most abundantly produced chemicals, with an annual
production exceeding 182 million tonnes." Around 80% of the synthesized NHj is
used in the fertilizer industry, but it is also regarded a promising carbon-free energy
carrier to replace fossil fuels.?® Currently, the Haber-Bosch process is the predom-
inant pathway to produce NHj by passing N, and H, over an iron-based catalyst at
high temperatures (350°C-450°C) and high pressures (150-200 bar).*” The process
consumes more than 1% of the global energy supply and leads to about 1.3% of the
global CO, emission,*” mainly associated with the production of H, from hydrocar-
bon feedstocks. In addition, considering the extreme operating conditions and the
required on-site hydrogen production, this process requires large industrial plants,
which are capital intensive. Alternatively, electrochemical NH3 synthesis in principle
provides a simple route that can be based on renewably generated electricity, which
will reduce the CO; footprint, and is also compatible with small-scale facilities that
produce NHj in a modular and distributed manner.

Currently, the only known reliable method of electrochemical NH;3 synthesis at
ambient temperature is lithium-mediated nitrogen reduction (LiNR), which was first
reported by Fichter et al. in 1930° and later studied by Tsuneto et al. in the 1990s.7'°

Gkt Joule 6, 2083-2101, September 21, 2022 © 2022 The Author(s). Published by Elsevier Inc. 2083

CONTEXT & SCALE
Lithium-mediated nitrogen
reduction (LiNR) is a promising
pathway to produce ammonia
(NH3) in a modular and distributed
manner, but the process is still
limited by low NH; production
rate and selectivity. Herein, we
establish a theory modeling
approach to screen lithium salts
for the LiNR process and find that
fluorine-based electrolytes are
beneficial to achieve a high
selectivity due to the presence of
lithium fluoride (LiF) in the solid-
electrolyte interphase (SEI) layers.
We demonstrate that a record
selectivity and NH3 production
rate at a current density of —1.0 A
cmgeo’2 under 20 bar N, are
achieved by using lithium tetra-
fluoroborate electrolyte in com-
bination with a highly porous
copper electrode. Experimental
analysis uncovers that a compact
and uniform LiF-enriched SEl layer
facilitates even lithium deposition
and suppresses the uncontrolled
electrolyte degradation. These
findings provide new insights into
the development of an industrially
feasible route for electrochemical
NHs synthesis.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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There have been many claims of synthesizing NH3 from N electrochemically in this
field, but most of those reports were highly questionable, due to a lack of scientific
rigor necessary to prove that the NH3 originated from activated Ny.""'? Solid evi-
dence with a method for validating that the N; is activated for this process was first
provided by our group by using a proper gas cleaning procedure and "*N; and "*N,
isotopes.' ' Although the accurate mechanisms are still not entirely understood, it is
broadly believed that this LiNR process relies on the metallic lithium reduced from
Li* to dissociate N, followed by a sequence of electron and proton transfers to
form NH3 with suitable proton donors or so-called sources (Figure 1A).7°7 The
LINR process was revisited by several groups recently,’""*? and the typical
reported faradaic efficiency (FE) is around 5%-20% at ambient conditions with
NHj; production rate less than 0.01 pmol 5! cm‘_jjeo’z.”'m'm'17 Recently, Suryanto
et al. has reported 69% FE at a current density of —0.022 A cmgeo’2 and an NH3
production rate of 0.053 pmol s™' cmgeo 2 by using phosphonium salt as a proton
carrier under 20 bar pressure.'® Our recent work has demonstrated 78% FE at a cur-
rent density of —0.004 A <:mgeo’2 achieved by adding 0.6 to 0.8 mol % oxygen to the
20 bar N, atmosphere, which is attributed to the modification of the solid-electrolyte
interphase (SEI) layer formed between the active (lithium) surface and the electrolyte
during operation.?’

The SEl layer over the electrode surface is mainly composed of electrolyte decomposi-
tion products, including various inorganic and organic components, known in the
lithium-ion battery field to be ion conducting but electron insulating.””** This passiv-
ation layer is likely a crucial player in determining the stability and performance of the
LiNR process. First, it may help improve the system’s stability by avoiding excess elec-
trolyte decomposition and lithium dendrite formation. Second, the SEl layer is a vital fac-
tor in determining the relative diffusion rates of Li*, H", and N (ry;, ri, rnz), which are the
critical variables determining the rate and selectivity (Figure 1A)."*?" However, the exact
composition and functionality of the SEl layer in the LiNR process remains largely unex-
plored. Further, our group has found that modifying the SEl layer by the addition of ox-
ygen in the N feed can dramatically increase the FE up to 78%.?" To overcome the gap
of low current density, we also proposed increasing the current density (e.g., —0.1 A
cmgeo’z) by the use of high surface area copper electrodes.” The challenge still remains
to achieve high FE and a commercially relevant current density (i.e., around —1.0 A
cmgeo’z) in a single system.

This is the challenge we address in this work by modifying the SEI layer and
improving the accessible surface area (per geometric surface area) simultaneously.
We concentrate on determining the dynamic changes of the SEI under different
experimental conditions and understanding how the SEI layer improves the perfor-
mance of the LiNR process by tuning the ionic conductivity. We study several elec-
trolytes and suggest that a fluorine-based electrolyte is the best. In combination with
a highly porous Cu electrode, we demonstrate 95% + 3% FE at a current density of
-0.1A cmgeo’2 under 20 bar N,. In addition, we show a FE of 71% + 3% is achiev-
able at a current density of —1.0 A cmgeo’z, delivering an NH3 production rate of
2.5 4+ 0.1 umol s~ cmgeofz. The new results are attributed to the uniform lithium
fluoride (LiF)-enriched SEI layer that facilitates even lithium deposition and sup-
presses the uncontrolled electrolyte degradation. The different SEl layers were char-
acterized with X-ray photoelectron spectroscopy (XPS) and X-ray diffraction (XRD),
where we confirmed the presence of LiF. Moreover, we also found that the produced
NH3 does not only exist in the electrolyte but also in the gas phase and in the depos-
ited layer with SEI, and the NH3 concentration distribution in different phases is
highly related to the lithium salt used.
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Figure 1. Theoretical investigation of the SEI layer by using different lithium salts

(A) Schematic of the mechanism for Li-mediated ammonia synthesis. Although the accurate
mechanisms are still not entirely understood, it is broadly believed that this LiINR process relies on
the metallic lithium reduced from Li* to dissociate N, followed by a sequence of electron and
proton transfers to form NH; with suitable proton donors.

(B) Calculated Gibbs formation free energy of Li-containing compounds as a function of voltage
(versus Li/Li™).

(C) The Li* conductivity and energy barrier of Li surface mobility for the Li,CO3, LiOH, LiHF,, and LiF
at the operating voltage (Upyi+ = 0 V). The error bars represent the uncertainty of calculated Li*
conductivity.

(D) Schematic illustration of proposed Li diffusion model for a LiF-enriched SEl layer during the
LiNR process.

(E) The Gibbs adsorption free energy of NH; on different Li-containing compounds.

RESULTS

Theoretical investigation of the SEI layer

We first present an analysis of the thermodynamic stability of different Li-containing
compounds that form in the SEl layer. In the following discussion, we only focus on
the most stable compounds that are not soluble in tetrahydrofuran (THF), since these
are likely to be the main components in the SEl, thereby determining the intrinsic
properties. Other phases could also be part of the SEI, but most likely not in large
quantities compared with the most stable materials. Figure 1B shows the free energy
(Pourbaix diagram) versus potential of the 6 most stable phases that could form in
the SEI layer at different potentials based on experimental stability data.”” The full
Pourbaix diagram including all possible experimentally reported Li-containing
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compounds is shown in Figure S1. The two most stable phases using LiClO4 as the
lithium salt and pure N, gas are LIOC,Hs and Li,COs3, since LiCl is soluble in
THF.® This is in agreement with the literature for Li-ion batteries,”” where it is found
that organic salts (e.g., LIOC,Hs) near the SEl/electrolyte interface are porous, so
that Li* can be transported with other anions through this organic outer layer of
the SEl, whereas a dense inorganic layer (e.g., Li,CO3) blocks further anion diffusion.
Therefore, the transport mechanism of Li* in the inorganic layer is most likely based
on Li defect formation and defect diffusion. As shown in Figure 1B, when using LiBF,
instead of LiClO4 as the lithium salt in the electrolyte, the two most stable solid
phases in the SEl are LiHF; and LiF. Although Li;B¢O1q, Li»B4O7, and NH3-BF; are

even more stable than LiHF;, and LiF (Figure S1), they are more soluble in THF.2®

The elementary steps in the LiNR include the diffusion of Li*, H*, and N species from
bulk electrolyte through SE| toward the electrode surface followed by Li deposition,
H, formation, and NH; formation. Due to the presence of the SEI, the diffusion of
these three species is rather slower than that of H, and NH3 formation at extreme
operating potential (~—3 V)."22" Therefore, the diffusion rates of Li*, H*, and N,
species in the SEl are the overall rate-limiting steps in the LINR."*?" For Li* transport
properties, we conducted a comprehensive first-principles study of possible Li
point-defect formation energies in Li,CO3, LiOH, LiHF,, and LiF (Figure S2) and
identify the dominating defects at the applied voltage range. The Li* conductivity
is related to the defect concentration and the diffusivity via the Nernst-Einstein
equation.”” Based on random-walk theory,”” the diffusivity is determined by the
migration barrier, which we calculate by the climbing image nudged elastic band
(CI-NEB) method,° whereas defect concentration depends on the defect formation
energy (see experimental procedures). As shown in Figure 1C, at the operating
voltage (O V versus Li/Li*), the calculated Li* conductivity in LiHF, and LiF is several
orders of magnitudes lower than that of Li,CO3. The presence of LiF results in a
decrease of r; relative to Li,CO3. The diffusion rates of proton and N; are estimated
via Fick's first law. Consider the case of linear (one-dimension) diffusion of proton
from bulk electrolyte through SEl approaching the electrode surface, the flux of pro-

ton Jy-(x, t) at given position x at a time t is proportional to the concentration

gradient Cy-, that is, Jy-(x, t) = DWW

evolution reactions are fast enough at the very negative potential (<—3 V), the pro-

. Since the N, reduction and H,

ton and N, concentration at electrode surface (x = L) is approximated to be zero.

Therefore, the diffusion rates of proton and nitrogen are estimated by

Dy = 20 % and Dy, = JNH,=L5—, where L is the thickness of the SEI chosen

TFE G (0% Crr (0, D

to be 10-100 nm.?" As shown in Table S1, there is a small change of ry and ryy at
different experimental conditions (i.e., different main components of the formed SEI)
relative to ri;. Therefore, the decreased ri; caused by the presence of LiF should lead
to a considerable FE increase according to the microkinetic modeling reported in our
previous work.'*?! The reason is that fewer electrons are “wasted"” depositing Li relative
to electrons used in reducing nitrogen. A similar phenomenon is also observed in our
previous work, where by adding small amounts of oxygen,?' the formation of LIOH com-
petes with that of Li;COj3 in the SEl using a LiClOy4 salt (Figure S3), leading to a FE in-
crease from 25% to 78%. The resulting FE due to the changes of Li diffusion rates in
different SEI components are summarized in Figure S4.

In the beginning, the Li* transporting through bulk electrolyte is reduced to Li metal
immediately and deposited on the electrode surface. The active Li metal will spontane-
ously decompose electrolyte, resulting in the growth of SEI. An ideal SEl is electron insu-
lating to prevent continuous electrolyte decomposition, yet ion conducting to lithium
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ions. In the presence of the SEI, the Li* that go through the SEl is deposited as metallic Li
on the electrode surface. The deposition of metallic Li results in the formation of the Li
dendrite if the two-dimensional Li mobility parallel to the SEl and the electrode surface is
rather low, leading to a poor homogeneity of the SEI.** Here, we investigated the Li
mobility in the surfaces of Li,CO3, LIOH, LiHF;, and LiF. The most probable/stable sur-
faces for each species are selected based on the surface phase diagram (see Figures S5-
S8). As shown in Figure 1C, LiF exhibits a 0.09 eV migration barrier for Li surface mobility,
which is lower than that of LIOH (0.22 eV) and Li,CO3 (0.3 eV). Therefore, the LiF-en-
riched SEl could improve an uneven electrodeposition of lithium by enhancing Li surface
mobility, thus a more homogeneous SEI, and the similar phenomenon is also observed
in Li-ion batteries.*® Furthermore, LiF is more electrically insulating and has a wider elec-
trochemical stability window than Li,CO5 (see Figure S9), thus creating a better passiv-
ated electrode surface to prevent undesired side reactions between deposited lithium
and electrolyte.

Figure 1D is a schematic illustration of our proposed Li™ diffusion model for a LiF-en-
riched SEI layer during the LiNR process. The r; consists of diffusion rates in two
directions, i.e., vertical and horizontal, and denoted as r, (Li* diffusion rate through
the SEl, v: vertical) and r, (Li* diffusion rate on the surface, h: horizontal), respec-
tively. The model suggests that by decreasing r, while enhancing r;,, the LiF-enriched
SEl layer enables a homogeneous Li* flux and suppresses Li dendrite formation, thus
leading to a further increase in FE. In addition, as shown in Figure 1E, we find that
NHs3 molecules can easily be absorbed in the bulk and the surface of different Li-con-
taining phases, e.g., LIOC;Hs, Li,COg, LiOH, LiHF,, and LiF, which suggests that the
produced NH; could be possibly trapped in the SEIl layer. It also should be noted
that the NH3; formed using LiBF, as lithium salt can be trapped as NH;3-BF3, which
is easily soluble in THF and ethanol. As shown in Figure S1, the Gibbs formation
free energy of Li,H/N, (LisN, Li,NH, and LiNH,) species per Li atom is several eV
(at least 6 eV at the operation voltage) higher than that of LiHF,, LiF, and
NH;-BFs3, so the portion of LiH,N, in the SEl is much less than that of LiHF,, LiF,
and NHj-BFs3. It indicates that the produced NH3; may mainly exist in the electrolyte
rather than in the SEl layer by using LiBF, as lithium salt.

Experimental demonstration

Motivated by theoretical results, we choose two typical fluorine-based lithium salts, i.e.,
LiBF,,'#">1820 | iPF,, and the widely used LiClO,,” 19121 a5 the model systems. |t
should be noted that Lazouski et al. have first reported 18% FE by using LiBF, under
ambient pressure,M and then, LiBF, was also used by different groups in this field."®20
However, the comprehensive investigations on the effect of different lithium salts on the
SEl layer are unexplored. In contrast to our previous study, a stainless steel (SS) mesh
was used as substrate rather than a Ni foam,'” in order to allow the controlled growth
of porous Cu using the hydrogen bubble template method.?* The geometrical surface
area was defined as the front of a 0.5 x 0.4 cm? SS mesh or Cu foil. The detailed pro-
cedures of Cu deposition on the SS mesh are shown in the experimental procedures.
The Cu was chosen as the electrode material here because Cu has difficulties alloying
with lithium electrochemically in organic electrolyte.”'** Scanning electron micro-
scopy (SEM) images show that highly structured Cu with well-ordered pores self-
assemble on the SS mesh (Figures 2B-2D). The high-resolution SEM image in Figure 2C
shows that the highly structured Cu consists of connected Cu particles with a diameter of
~11to 3 pm. As shown in Figures 2D and S10A, the thickness of the deposited Cu can be
well controlled and tuned from 110 to 470 pm by changing the deposition time. It
should be noted that changing other deposition parameters, e.g., applied current
(Figure S11), could also change the deposition thickness and the porous structure.
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Figure 2. Fabrication of porous Cu electrodes for Li-mediated ammonia synthesis

(A-C) Representative SEM images of the stainless steel (SS) mesh (A) and porous Cu electrode (B and C).

(D) Cross-section SEM images of the porous Cu electrode.

(E) Cyclic voltammetry of different porous Cu electrodes at scan rate of 30 mV s~

Scan rate (mV s™)

(F) Current density change versus scan rate of different porous Cu electrodes and the calculated specific capacitances. The change in current density

was determined at —0.5 V versus reference electrode.

We also would like to point out that the porous electrode can also be made by other
transition metals using the hydrogen bubble template method, such as Ni, Co,
etc.,**¥ which could potentially also used for LiNR process. To determine the electro-
chemical surface area (ECSA) of the porous Cu synthesized with different deposition
time, i.e., 15's, 1 min, and 5 min (denoted as porous Cu-15 s, porous Cu-1 min, and
porous Cu-5 min), capacitive cycling was employed to measure the specific capaci-
tances. The cycling voltammetry (CV) curves of the as-made porous electrodes and
the Cu foil at various scan rates are shown in Figures 2E and S12. It can be seen that cur-
rent density and the average area of the porous Cu electrodes are much higher than the
Cu foil, implying a much higher specific capacitance and ECSA. As shown in Figure 2F,
the porous Cu electrodes displays much higher current densities at the same scan rates
compared with the Cu foil. The calculated specific capacitance of the porous Cu-5minis
15.4 mF cmgeo’z, which is 300 times higher than the Cu foil (0.05 mF cmgeo’z). There-
fore, the ECSA of 308 cm? was determined for the porous Cu-5 min electrode with geo-
metric area of 1 cm?, and such a considerable increase of ECSA is attributed to the
deposited porous Cu with high surface area.

In order to investigate the current density achievable, porous Cu-15 s, porous Cu-
1 min, and porous Cu-5 min were selected for the standard test using the widely
used LiClO4 electrolyte. As shown in Figures 3A-3D, all the experiments were car-
ried out in a custom-designed autoclave with a glass cell containing 30 mL electro-
lyte under 20 bar Ny. The electrolyte was 2 M lithium salt in THF containing 1 vol %
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Figure 3. Electrochemical performance of Li-mediated ammonia synthesis

(A and B) Digital photos of the setup for working, counter, and reference electrodes (A) and the glass cell sitting in the autoclave (B). The distance
between WE and RE was fixed around 0.5 cm for all the experiments.

(C and D) Digital photos of the autoclave sitting in the fume hood (C) and Ar glovebox (D).

(E) LSV of the porous Cu electrode using different lithium salts. Inset in (E) is a digital photo of the porous Cu electrode (0.2 cmgeoz).

(F and G) Chronopotentiometry (CP) of the porous Cu electrode at current densities of —0.1, —0.2, and —=0.5 A cmgeo’2 (F)and —1.0 A cmgeo’2 (G) with
different lithium salts. Inset in (G) is the cross-section SEM image of the porous Cu electrode without porous Cu on the backside. The black lines
represent the data of the porous Cu electrode without porous Cu on the backside. All the experiments here were using the porous Cu electrodes that
were synthesized at the same condition, and 2 M lithium salt in tetrahydrofuran solutions containing 1 vol % ethanol under 20 bar N,. A total charge of
240 C was passed for the CP measurements at varied current densities.

ethanol (0.17 M ethanol). The N; used in the experiments was 99.9999% pure and
additionally cleaned with purifiers (NuPure) to reduce the nitrogen-containing impu-
rities to parts per trillion levels. The as-prepared porous Cu electrode (0.2 cmge.?), Pt
mesh (1 cmgeoz), and Pt wire were used as working electrode (WE), counter electrode
(CE), and pseudo-reference electrode (RE), respectively (Figure 3A). As shown in the
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linear sweep voltammetry (LSV, Figure S13), current densities of -0.1, -0.3, and
-1.0A cmgeo’2 were achieved by using the porous Cu-15 s, porous Cu-1 min, and
porous Cu-5 min, respectively. Therefore, systematic experiments with different
lithium salts were further conducted using the porous Cu-5 min electrode that
achieved a current density of —1.0 A cmgeo’z. As shown in Figure 3E, the current
density of —1.0 A (:r*ngeo_2 can also be reached by using the fluorine-based electro-
lyte, i.e., LiBF4 and LiPF,. Potentiostatic electrochemical impedance spectroscopy
(PEIS) was employed to measure the bulk electrolyte resistance (Figure S14). The
electrolyte resistance for the three electrolyte formulations in descending order is
thus as follows: LiBF, > LiClIO, > LiPFy.

Constant-current densities from —0.1 to —1.0 A cmge, > were applied for the chro-
nopotentiometry (CP) measurements when using different lithium salts, until the
total passed charge reached 240 C. As shown in Figure 3F, the WE and CE potentials
are quite stable for all the lithium salts at various constant-current densities from
—0.1t0 —0.5 A cmge, 2 within the investigated time period. In contrast, the WE po-
tential of the porous Cu electrode using LiPF, and LiClO,4 exhibits destabilization
during CP measurement at a current density of —1.0 A cmgeo 2, although the WE
potential using LiBF, is stable in that period (Figure 3G). Specifically, the WE poten-
tial shows a drop of ~1.0 and 2.0 V for the porous Cu electrode using LiPF4 and
LiClQOg, respectively, which is indicative of unstable SEl layers and severe electrolyte
decomposition. We have here chosen to define the geometric area as only one side
of the SS mesh. Nevertheless, one should be aware that the porous Cu was depos-
ited on both sides as seen in Figure 2D. In order to investigate the influence of the
porous Cu deposit on the backside of the electrode, we removed the Cu deposit on
the backside (insetin Figures 3G and S10B) and tested this electrode again at current
density of 1 A cmgeo’z. It also shows the similar stability (black lines in Figure 3G),
which indicates that the backside does not significantly influence the electrochemi-
cal stability. After CP measurement at a current density of —1.0 A cmgeo’z, the similar
morphology as the pristine electrode is shown for the porous Cu electrode using
LiBF4 (Figure S15), indicative of a stable porous structure during the electrochemical
tests. In addition, as shown in Figure S16, the calculated specific capacitance of the
porous Cu electrode using LiBF, after the CP measurements is 15.2 mF cmgeo’z,
which is also similar to the pristine electrode (15.4 mF cmgeo’z).

As shown in the Figure S17, both LiPF4 and LiClIO, electrolytes turn black after CP
measurements at —1.0 A cmgeo’z, whereas the LiBF, electrolyte only shows a mild
color change. In addition, the black electrolyte became highly viscous within a few
hours post-electrochemistry (Figure S18), which is ascribed to the serious electrolyte
decomposition (Figure S19), specifically THF oxidation that might lead to produc-
tion of polymers.®” The changes of the electrolyte color at varied constant-current
densities from —0.1to —1.0 A cmgeo’2 are shown in Figure S20. This shows the gen-
eral instability of the electrolyte under these experimental conditions, which is
particularly prominent for the LiPFs and LiClO4 salts. Moreover, it is obviously
seen that the electrolyte color of LiCIO4 darkens as the current density increases,
which can be attributed to the high CE potential at high current density that might
lead to more THF oxidation reactions. However, the LiBF4 only show a mild color
change after CP measurements even at —1.0 A cmgeo’z. We believe that lowering
the CE potential below THF oxidation by utilizing hydrogen oxidation reaction
(HOR) at the CE will help to solve this issue, which is desirable for the follow-up study.
Another difference seen in the images is the huge variances of the deposited layers
over the porous Cu electrode using different lithium salts (Figure S17). The depos-
ited layer using LiBF4 looks much thinner than that of LiPF4 and LiClO4, which
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Figure 4. Efficiency of the Li-mediated ammonia synthesis

(A and B) Faradaic efficiencies (A) and NH; production rates (B) of the porous Cu electrode using
different lithium salts at current densities ranging from —0.075 to —1.0 A cmge, 2 The shadows in
(B) are guides to the eye.

(C) A comparison of NH3 production metrics at ambient temperature between our work and re-
ported highest rates in non-aqueous electrolytes in the literature.

(D) Accumulated NHj in the electrolyte, deposited layer including SEI, and gas phases using
different lithium salts at —1.0 A cmgeo 2. The left and right y axis in (D) represents the weight and
corresponding percentage of NH3, respectively. The calculated faradaic efficiencies and NH3
production rates at current densities ranging from —0.1 to —1.0 A cm ™2 are based on the experi-
ments shown in Figure 3. The error bars represent the standard deviation of independent repeats of
the same experiment (n > 3).

indicates a compact SEl layer without excess organic components. We also point out
that the deposited layers shown in this work is without damages from degassing and
air exposure. This is an advantage of the modified autoclave placed inside an Ar glo-
vebox (Figure 3D), which enables separation of the electrode from the electrolyte
prior to depressurization, such that the SEIl remains intact. This is important, as the
depressurization from 20 bar and subsequent air exposure destroys the structure
and composition of the SEI layer, which precludes the following XPS investigations
on the different SEl layers and deposits.

Efficiency of the Li-mediated ammonia synthesis

The FE was determined at the end of the experiment, where the accumulated NH;
was detected in the electrolyte solutions by a modified indophenol blue method. "
More details can be found in the experimental procedures. Figure 4A shows the FE
of the porous Cu electrode using different lithium salts for different CP measure-
ments with current densities ranging from —0.075 to —1.0 A cmye, 2. The porous
Cu electrode with LiBF, salt exhibits a remarkable 95% + 3% FE at a current density
of —0.1TA cmgeo_z. Furthermore, it is striking that a relatively high FE of 75% + 3% is
achieved at a current density of —1.0 A cmgeo’z, which is far higher than that using
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LiPFe (45% £ 3% FE) and LiClO,4 (31% =+ 3% FE) salts. The porous Cu electrode
without porous Cu on the backside also shows a similar FE (71% %+ 3%, star in Fig-
ure 4A) to the porous Cu electrode with Cu on the two sides (75% + 3%, sphere
in Figure 4A) by using LiBF4 salt, which indicates that the backside does not signifi-
cantly influence the FE. The FE drops rapidly at high current densities for the LiPF,
salt, i.e., from 90% FE at —0.1 A cmgeo_2 to the aforementioned 45% + 3% FE at
-1.0A cmgeo’z, whereas that using LiClO, salt shows a relative stable FE around
31% + 3% at varied current densities. The rapid FE drop when using LiPF, salt at
high current densities is attributed to the severe electrolyte decomposition and
unstable SEI layers, considering the poor thermal stability of LiPF, and the poten-
tially produced joule heat at high current densities. It has been widely investigated
and proven within the Li-ion battery field that LiPF,-based electrolyte has poor sta-
bility at elevated temperatures, e.g., 60°C, and the SEl layer is unstable at elevated
temperature, especially in the presence of LiPF4."%*? In addition, we also ran the CP
measurements using Cu foil (1.8 cm?) with different salts at —4 mA cm ™2 until the
total passed charge reached 50 C (Figure S21). The standard Cu foil electrode
with LiBF, salt exhibits 65% FE, which is also higher than that LiClO,4, which only

achieved 20% FE.

Accordingly, the NH3; production rate of the porous Cu electrode using different
lithium salts at varied current densities is shown in Figure 4B. The porous Cu elec-
trode using LiBF,4 exhibits an NH3 production rate of 2.5 £+ 0.1 pmol 5! cmgeo’2
at a current density of —1.0 A cmgeo’2 based on 71% =+ 3% FE of the electrode
with the backside deposited Cu removed. Therefore, the backside Cu does not
significantly affect the electrochemical stability, FE production rate, and NH3 pro-
duction rate. As show in Figure 4C, the FE and NH3 production rates when using
LiBF,4 at a current density of —0.1 A cmgeo’2 (95% + 3% and 0.33 + 0.01 pmol
st cmgeo’z) are, to the best of our knowledge, the highest ever reported for the
LiNR process.'*'>1%?1:24 More importantly, the reported NH3 production rate of
2.5 £ 0.1 umol s7" emge, 2 at a current density of —1.0 A cmge, ? is more than
one order of magnitude higher than all published literature results."® Although the
energy efficiency (EE) is currently also a major concern in the LiNR process, consid-
ering Li plating requires large negative potentials (—3.04 V versus standard
hydrogen electrode). Based on our previous work,”" if all overpotentials are mini-
mized and HOR is utilized at the CE, the optimized resulting EE would be 26%,
assuming 80% FE. Thus, as pointed out in our previous publications,'*?"?* the EE
reported here is artificial as it does not take into account the sacrificial proton source.
We want to point out here that initially in the 1950s the Haber-Bosch process also
exhibited low energy efficiencies of 36% and only reached 62% in the 1990s.%* It
also should be clarified here that NH; production rate per geometric surface area
rather than NH3 production rate per ECSA is pursued in this work, which is more rele-
vant to the industrial application.

The EE of the porous Cu electrode using LiBF4 at a current density of —1.0 A cmgeo’2
is 7.7% (Table S2), which is well beyond the previously reported value of 2.8% for a
6 min experiment,15 1.5% for a 40 min experiment,14 and 2.3% in literature.’* In
addition, regarding to the long-term stability, the single-compartment cell was
used in this work with a sacrificial proton source. There are substantial energy losses
related to the anode in the single-compartment cell. Ideally, a two-compartment
setup, such as flow cell, should be used for better control of the anode reaction,
which allow the HOR to use Hj, instead of consuming a sacrificial proton source.
We also believe that further improvements to the electrolyte conductivity in future
can also improve the EE, considering the energy losses from the large electrolyte
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resistance. The in-depth investigation of the long-term stability of the LiNR system
by using flow cell is the subject of our ongoing work, whereas the goal of this
work is to demonstrate the remarkable NH3 production rates and FE at —1.0 A
(:mgeo’2 that are possible by modifying the SEI layer using and improving the acces-
sible surface area (per geometric surface area). It is also noteworthy that in our pre-
vious work, we have developed a potential cycling procedure that greatly extend the
lifetime of the LiNR system, and continuous operation for 125 h was demonstrated.”®

Additionally, inspired by the theoretical modeling regarding the possibility of NH;
being trapped in the SEI layer, we further conducted a separation procedure in
the glovebox. First, right after the end of the CP measurements conducted at
-1.0A cmgeo’z, we extracted the electrolyte from the glass cell through a polytetra-
fluoroethylene (PTFE) sampling tube, whereas the system is still pressurized at
~20 bar in the autoclave (Figure 3C). Next, degas the system although using an
acid trap to collect all the NH; in the gas phase, and finally, open the autoclave
and remove the WE with the intact deposited layer. For a comparison, as shown in
Figure S22, there is no obvious thick deposit shown on the porous Cu electrode after
depressurization from 20 bar without separation procedure, and most of the deposit
was broken into pieces and floated on the electrolyte due to the degassing with elec-
trolyte. This indicates that without separation procedure to extract the electrolyte
first, the deposited layer can be easily damaged by degassing from 20 bar. Such a
separation procedure ensures the SEl layer is damaged as little as possible, which
is very important for the following SEI investigations. All the experiments toward
investigating of the SEl layer were conducted in an autoclave placed inside an Ar glo-
vebox to avoid air exposure, although completely avoiding O, and H,O exposure
can never be obtained by such methods as typical H,O and O, content in Ar glove-
box are in the <0.5 and <0.1 ppm range, respectively. More detailed information
about the separation procedure can be found in the experimental procedures.

As shown in Figure 4D, itis clearly seen that the produced NHs is not only present in the
electrolyte but also in the gas phase, as well as the deposited layer, which is a composite
of the SEl layer and excess deposited species. The distribution of the accumulated NH3
in the different phases is strongly dependent on the type of lithium salt used. Particu-
larly, ~50% of the synthesized NH3 was trapped in the deposited layer using LiClO,,
which is much higher than both LiPF, (~10%) and LiBF, (~5%). We would like to point
out that the synthesized NHj3 trapped in the deposited layer could also include the
intermediate nitrogen species (reduced from N) that can be easily converted to NH3
during the collection step using HCl to dissolve the deposited layer (see experimental
procedures). The high amount of NH; trapped in the deposited layer when using
LiClO4 was possibly caused by the massively thick SEI layer and deposit, which is a
sign of severe electrolyte decomposition, especially of the organic components.®”
The smaller amount of NH3 trapped in the deposited layer using LiBF, can be possibly
ascribed to the high solubility of NH3-BF3 in THF and ethanol, which is also revealed by
the theoretical results (Figure 1E). Most of the produced NHj is distributed in the elec-
trolyte when using LiBF, salt in the single-compartment cell. However, the flow cell-
based system with continuous N; gas flow can be used to potentially change the NH3
distribution, leading to more of the produced NHj in the gas phase, which would be
ideal for convenient collection and further utilization. It is also noteworthy that the total
accumulated NHj; reported here are all at the milligram level (Figure 4D), rather than the
microgram level reported most commonly in the literature. For example, ~11 mg NH3
was synthesized in a single experiment at different current densities by using 30 mL
LiBF4-based electrolyte with passed charge of 240 C. Considering the LiINR process

11,14,15,18,21

has been well established by different groups, we would like to point out
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Figure 5. XPS investigation on the SEl layers without degassing damage and air exposure

(A and B) Depth-profiling XPS spectra of F 1s (A) and C 1s (B) for the SEI-LiBF,.

(C and D) Depth-profiling XPS spectra of F 1s (C) and C 1s (D) for the SEI-LiPF,.

(E and F) Depth-profiling XPS spectra of Cl 2p (E) and C 1s (F) for the SEI-LiCIO4. The commercial
LiBF4, LiPF,, and LiCl powder were used as reference samples.

that when produced NHj in this milligram range and using the well-described precau-
tions,"" it is not necessary to conduct isotope measurements.

SEl layer investigations

To further elucidate the effect of different lithium salts on the SEl layer, we purposely de-
signed the short electrochemical experiments in the Ar glovebox using LiBF,, LiPF,,
and LiClO, salts. As shown in Figure S23A, we conducted the LSV measurements
for the porous Cu electrodes using different lithium salts and stopped the reaction
after the working potential passed lithium plating and reached a current density of
~0.1 A cmgeo 2. Then, we followed the same procedures as the separation procedure
and collected the electrodes with the intact SEl layers. These short electrochemical ex-
periments are supposed to build only a thin SEIl layer without severe electrolyte decom-
position (Figure S23B), which is more relevant to the theory insights. All the porous Cu
electrodes with deposited layers were loaded into a home-built transfer arm inside an Ar
glovebox and evacuated to pressures below 5 x 1074 mbar, followed by a transfer into
the XPS chamber with a base pressure below 9 x 107'® mbar (Figure S24). Depth-
profiling XPS with different etching times using Ar ions was engaged to probe the
elemental composition, chemical state, and depth profile of the SEI layer.

As shown in the F 1s spectra of the SEl layer formed using LiBF, (denoted as SEI-
LiBF4, Figure 5A), the peak centered at 685.5 eV is attributed to LiF,** and the
peak at 687.5 eV is well matched with LiBF,. Additionally, the ratio of the LiF signal
increases as the etching time increases, which indicates a LiF-enriched SEI layer on
the porous Cu electrode using LiBF, and confirms the theoretical suggestion. As
shown in Figure 5C, similar phenomena were also observed for the SEI layered
formed using LiPF, (denoted as SEI-LiPF,). Figure 5E shows the Cl 2p spectra of
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the SEl layer formed using LiClO,4 (denoted as SEI-LiClO,), and the peak centered at
200.0and 209.5 eVis attributed to LiCl and LiClO4, respectively. Itis clearly seen that
LiCl is derived from the reduced product of LiCIO4 and is enriched in the SEI-LiClOy,,
which also implies that solvent oxidation might already happened at the beginning
of the reaction due to the strongly oxidizing property of LiClO,. In addition, as shown
in the C 1s spectra (Figures 5B, 5D, and 5F), compared with the SEI-LiBF4 and SEI-
LiPFs, the SEI-LIClO4 exhibits a new peak after etching that is well matched with
the C=0 bond and possibly attributed to the presence of Li,CO3.*

Moreover, the different deposits (shown in Figure S17) on the porous Cu electrodes af-
ter CP measurements at a current density of —1.0 A cmge.o’2 were also investigated in
the same manner to reveal the possible changes of the deposit after reaction. As shown
in Figure S25, the LiF remain enriched in the deposits formed using LiBF4 and LiPF,
(denoted as Post-LiBF4 and Post-LiPF,, respectively), and the XRD pattern shown in Fig-
ure S26 further confirmed the presence of LiF phase in both Post-LiBF, and Post-LiPF,,.
The signal intensity of the P 2p reduces rapidly compared with that of B 1s during
etching (Figures S25B and S25E), indicating the inhomogeneous composition of the
Post-LiPF4, which could be caused by the serious electrolyte decomposition at high cur-
rent density due to the poor thermal stability of LiPF4. In addition, the C 1s spectra
shown in Figures S25H and S27 exhibit that the deposits formed using LiCIO, (denoted
as Post-LiClOy) has a strong peak assigned to the C=0O bond, which might indicate more
Li,CO3 accumulated inside. As shown in the N 1s spectra (Figure 528), both Post-LiBF,
and Post-LiClO,4 have a peak centered at 398.6 eV, which is attributed to organic nitro-
gen species”’*® rather than LisN, as is seen from the LisN reference spectrum. The
depth profile of the elemental composition for the different SEI layers clearly shown
that F and Li are the predominant elements inside of the Post-LiBF, and Post-LiPF
(Figures S25C, S25F, and S25), which also indicates the LiF-enriched deposit. However,
Li is the main element inside of the Post-LiClO,, and more Li is shown inside of the Post-
LiPF, compared with Post-LiBF4, which could indicate the uncontrolled Li plating using
LiPF, and LiClO4 at a current density of —1.0 A cmgeo’z. Besides, more C is also shown
inside of the Post-1A-LiCIOy, which further implies the severe electrolyte decomposition
at a current density of —1.0 A cmgeofz.

Therefore, based on the investigations on the different SEIl layers formed at the begin-
ning and the deposits formed after CP measurements at a current density of —1.0 A
cmgeofz, the huge FE differences by using LiBF,, LiPF,, and LiClIO,4 are explained as
following: (1) the high FE achieved by using LiBF4 and LiPF, at relatively low current den-
sities are ascribed to the LiF-enriched SEI layers that result in a decreased r; with a
smaller change of ry and ryz and promote the LiNR process, which is revealed by the
theory modeling results. LiF is beneficial to the uniform lithium plating and builds a bet-
ter interface to prevent too much undesired side reactions between deposited lithium
and the electrolyte. (2) The high FE of 71% + 3% achieved at a current density of
-1.0A cmgeo’2 by using LiBF, instead of LiPF4 and LiClOy is not only attributed to
LiF-enriched SEI layer but also due to increased thermal and chemical stabilities of
LiBF,4, which suppresses severe electrolyte decomposition. Particularly, the poor ther-
mal stability of LiPF, and strongly oxidizing property of LiClO4 results in a disastrous
electrolyte decomposition, which could potentially destroy and complicate the SEl layer
formed at the beginning and result in the uncontrolled lithium plating.

DISCUSSION

In summary, we utilize a theory modeling approach to screen the lithium salts for the
LiNR process and find that fluorine-based electrolytes are beneficial to achieve a high
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FE due to the presence of LiF in the SEl layer. Through systematic experimental demon-
strations, the LiBF4-based electrolyte is observed as the most stable and promising
electrolyte to realize a highly efficient LINR process. We demonstrate that combined
with a highly porous Cu electrode, record FE of 71% + 3% and NH; production rate
of 2.5 + 0.1 umol s~ cmgeo’2 at a current density of -1.0 A cmgeo’2 under 20 bar N,
are achieved using LiBFs-based electrolyte. The good LiNR performance can be
explained by the formation of a compact and uniform LiF-enriched SEl layer and the bet-
ter thermal and chemical stability of LiBF4, which enables even lithium plating and
suppresses uncontrolled electrolyte degradation. We also find that the NHj3 distribution
in the gas, electrolyte, and deposited layer with SEl is highly dependent on the lithium
salts used. We anticipate that our findings offer new insights on developing an industri-
ally feasible pathway for electrochemical NH3 synthesis.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and materials should be directed to
and will be fulfilled by the lead contact, Ib Chorkendorff (ibchork@fysik.dtu.dk).

Materials availability
The materials in this study will be made available upon reasonable request.

Data and code availability
The datasets generated in this study are available from the lead contact upon
reasonable request.

Preparation of porous Cu electrode

The SS mesh (S5316, 325 x 2,300, McMASTER-CARR) was cut into 0.2-1 cmgeo2
pieces and then spot welded with Cu wire (>99.98%, Goodfellow) for electrical
connection and used as WE. Two Pt mesh (1.5 cmgeoz, 99.9%, Goodfellow) elec-
trodes were connected and used as a split CE. The WE was located in the mid-
dle of the two Pt meshes. Prior to electrodeposition, the WE was dipped in
0.06 M HCI (VWR Chemicals) and rinsed with Milli-Q water and ethanol. The
electrolyte was made of 0.4 M CuSO, (98%, Merck) in 1.5 M H,SO,4 (99.999%,
Sigma Aldrich). A constant current of —2 A with applied time ranging from
15 s to 7 min was set for the porous Cu deposition on SS mesh. The electrode
was cleaned with Milli-Q water and ethanol several times and dried under vac-
uum after electrodeposition. The excess deposited Cu on the Cu wire and the
edge of SS mesh were removed to keep the constant geometric area of the
WE at different experimental conditions (Figure S29). All the WEs were stored
in an Ar glovebox before use.

Electrochemical experiments

A three-electrode single-compartment glass cell in an electrochemical home-made
autoclave placed in a fume hood was used for all the electrochemical experiments.
The same electrochemical autoclave in an Ar glovebox was specifically used for the
SElinvestigation. Electrolyte solution (30 mL) was prepared in an Ar glovebox, which
consists of 2 M lithium salts (99.99%, Sigma Aldrich) in 99 vol % THF (anhydrous,
>99.9%, inhibitor-free, Sigma Aldrich) and 1 vol % ethanol (anhydrous, Honeywell).
The glass cell, the magnetic stirring rotor (glass covered), CE (1.5 cmgeo2 Pt mesh,
99.9%, Goodfellow), and RE (Pt wire, 99.99%, Goodfellow) were boiled in Milli-Q wa-
ter and dried overnight at 100°C in air. The CE and RE are both flame-annealed
before use, and the distance between WE and RE was fixed around 0.5 cm for all
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the experiments. Considering the convenience of running the experiment in the
fume hood, which showed the same performance as those obtained from the auto-
clave inside the Ar glovebox, only the experiments associated with the investigation
of the SEI layer were conducted in an autoclave placed inside an Ar glovebox to
avoid air exposure. The Ar gas (99.999%, Air Liquide) was introduced into the assem-
bled cell in the autoclave sitting in the fume hood for at least 30 min before the elec-
trochemical experiment. Then, the electrolyte solution was injected into the cell inan
Ar atmosphere, followed by the closing of the autoclave. Afterward, the pressure in
the autoclave was increased to 10 bar using N (99.9999%, Air Liquide) and de-pres-
surized to 3 bar for 10 times in order to flush out any remaining air contaminants, fol-
lowed by filling to 20 bar for the experiments. The N, gas used here was cleaned by
commercial purifiers (NuPure, pptV cleaning of all labile N containing compounds).
The electrochemical measurements were started from an open circuit voltage (OCV)
for 20 min to equilibrate the atmosphere composition in the electrolyte. Then, the
PEIS, LSV, and CP, followed by another PEIS was applied for the measurements
(Bio-Logic SP-200). The LSV was used to see a clear onset for lithium reduction,
thereby denoting the potential versus Li/Li* and confirming that the target current
was reached before CP. During CP, varied constant-current densities from —0.075
to —1.0 A cmge, 2 were applied until the total passed charge reached 240 C. All
the experiments were performed with the electrolyte stirred at 250 rpm at room tem-
perature. The porous Cu electrodes with geometric surface area of 0.2 cmge,” were
used for all the electrochemical experiments considering the current and potential
limit of the potentiostat. The porous Cu electrodes with 1.0 cmge.’ were used for
the CP measurements at a current density of —0.1 A cmgeo’z, which remains within
the current and potential range of the potentiostat, and exhibit a FE similar to that
of the electrodes with smaller geometric surface area.

Separation procedure

All the separation procedures were conducted in an autoclave placed inside an Ar
glovebox to ensure no exposure to air. Typically, after the electrochemical experi-
ments, we took out the electrolyte through a sampling tube while the system was still
pressurized at 20 bar, degassed the system through an acid trap (0.06 M HCI) to
collect all the NHj3 in the gas phase, and then removed the WE with the intact SEI
layer in the end. To quantify the produced NHj in the SEl layer, the WE was dipped
into 10 mL of 0.06 M HCl to gradually dissolve the SEI layer.

Colorimetric quantification of NH3

The produced NH3 was quantified by a modified colorimetric indophenol method. "
The calibration solutions consisted of known concentrations of NH4Cl in the dilute
aqueous solution containing lithium salts (Figure S30). 500 pL of alkaline hypochlo-
rite solution (A1727, Sigma Aldrich) was added to a 2 mL sample with NH,CI,
followed by the addition of 500 uL of phenol nitroprusside solution (P6994, Sigma
Aldrich). The solution was then mixed and left in the dark for 30 min at room temper-
ature, followed by the measurement of absorbance using UV-vis spectroscopy (UV-
2600, Shimadzu) from 400 to 1,000 nm. The fitted calibration curve that shows a
linear regression with an R? value of 0.9999 was used for the quantifications
(Figure S30). It is clearly shown that a high Li salt concentration (=250 mM) has an
obvious effect on the indophenol reaction. For example, a concentration of 0.5 M
LiClOy4 in the sample leads to a much lower slope in the calibration curve, which
indicates that a falsely high FE might be calculated without proper dilution and cali-
bration to eliminate the effect of the lithium salts concentration. Considering the
produced NHj3 at milligram level in this work, all the as-obtained samples after elec-
trochemical experiments were diluted with Milli-Q water as needed to keep the

¢? CellPress

OPEN ACCESS

Joule 6, 2083-2101, September 21, 2022 2097




¢? CellPress

OPEN ACCESS

measured absorbance located in the range of the calibration curve. For the sample
from the electrolyte, 10 pL of 4 M HCI (37%, VWR Chemicals) was added to 500 pL of
electrolyte and then diluted as required (ranging from 200 to 800 times). For the
sample from the SEI and gas phase, the corresponding acid solutions were also
diluted as needed (ranging from 10 to 200 times). All the FE were calculated by
the following equation:

FE=3 X F X cyuz X V/Q (Equation 1)

where 3 is the number of electrons transferred for each mole of NH3, Fis the Faraday
constant, cyns is the concentration of produced NHs, Vis the total electrolyte vol-
ume, and Q is the total passed charge.

To estimate the EE, we considered the total amount of energy put into the system via
the potentiaostat, E,, and compared that with the energy contained in the total
amount of NH3 produced during the experiment, E,:. It should be noted that we
do not include the pressure and energy from EtOH in our calculations. All the EE
were calculated by the following equation:
Eout AG, M3 .

EE = E_m = m (Equation 2)
where E,; was defined by the free energy (AG,) of reaction of NH3 oxidation to N,
and water times the amount of NH3 produced (mnp3), and E;, is given by the total cell
voltage (Vo) between the CE and WE, multiplied by the current (/) to get the instan-
taneous power, and integrated over time.

SEl investigation

XPS and XRD were used to investigate the SEI after electrochemistry. XPS was con-
ducted on a ThermoScientific Thetaprobe instruments with an Al Ko X-ray source
and base pressure below 9.0 x 107'° mbar. The ion gun in etching mode and flood
gun in charge neutralization mode were used during the measurement with a cham-
ber pressure of 2.0 x 107 mbar by flowing Ar gas (99.9999%, Air Liquide). The ion
gun was run using 4 kV and 1 pA mode with scanning size of 2 x 2 mm?. The spot
size of 400 um was used. All the survey spectra were recorded with step size of 1.0
eV and dwell time of 50 ms at pass energy of 200 eV (Figures S31 and S32). High-
resolution elemental spectra were recorded with step size of 0.1 eV and dwell time
of 50 ms at pass energy of 200 eV. All the spectra were acquired and analyzed by
Thermo Avantage (v5.9925) by Thermo Fisher Scientific. All the background was
determined using Shirley mode and fitted using Powell algorithm. To analyze all
the powder samples with XPS, all the commercial powders were shaped to pellets
with 7 mm diameter and 0.5-1 mm thickness in an Ar glovebox. The pellets were
loaded in a custom-made sample holder in transfer arm. For the XRD measure-
ments, the deposited layer was scraped off the electrode and loaded into the hold-
er inside an Ar glovebox with an air-tight polyetheretherketone (PEEK) dome and
then transferred to the XRD instrument without air exposure (Figure S33). XRD pat-
terns were recorded on a Malvern Panalytical Empyrean X-ray diffractometer. The
source was an Empyrean Cu LFF HR gun (Kay = 1.540598 A) operated at 45 kV
and 40 mA.

Capacitive cycling experiment

The capacitive cycling experiments were conducted at ambient pressure using 2 M
LiCIO,4 with the same electrode setup as the autoclave experiments. The CV measure-
ments of different porous Cu electrodes and Cu foil were conducted at scan rates of
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20-80 mVs~'. The specific capacitance (Cspec, F cm~?)isthe slope of the current density
change (Al) versus scan rates shown in Figure 2F. The Al were calculated by the following
equation:

Al = (I,-1)/2 (Equation 3)

where [, and I. is the anodic and cathodic current density at —0.5 V versus Pt pseudo-
reference electrode, respectively.

Theory calculations
Our calculations are based on density functional theory (DFT) within the general-
ized Kohn-Sham scheme,”” using the Vienna ab initio simulation package

°T We use

(VASP),*° as implemented in atomic simulation environment (ASE).
the beef-vdw exchange-correlation functional®” to model adsorption properties
as well as van der Waals interactions. We employ the Heyd-Scuseria-Ernzerhof
(HSE06)>® with 25% mixing of short-range Hartree-Fock exchange to estimate
the valence-band maximum (VBM) and conduction-band minimum (CBM). Projec-
tor augmented wave (PAW) potentials®>° are used with a plane-wave cutoff of
600 eV. The smallest spacing between k points is chosen as 0.15 A. The Li
15%2s", N 2522p3, @] 2522p4, C 2522p2, F 2522p5, Cl 3523p5, and H 1s? electrons
are treated explicitly as valence. Calculations of migration barriers are based on
the CI-NEB method.*

Defect calculations

To calculate defect properties, supercells are constructed with dimensions 2a X 2b X 2¢
for Li,CO3, 3a X 3b x 2c¢ for LiOH, 3a x 3b x c for LiHF,, and 2a x 2b x 2c for LiF.
Different Li defects are investigated, including Li vacancies in different charge states
and Li interstitials in different charge states. The E;formation energy of a specific defect
is calculated as follows:*

Ef = Eq — Epui + nuyi + qEF + Acorr (Equation 4)

Here, Eq represents the total energy of a supercell containing Li defect in charge
state g, Epuik is the total energy of a supercell containing no defect, n represents
the number of Li atoms added (n < 0) or removed (n > 0) from the system, u is the
chemical potential of Li, Ef is the Fermi level that is a variable with values ranging
from VBM to CBM, and A, is a finite-size correction factor’’-°® neglected in this
study.

lonic conductivity
The ionic conductivity, g, is calculated from the Nernst-Einstein equation:29

” - F2g?DS  Doe®Niies ox (7(Ef+Em))

= Equation 5
RT keT kT (Equation 5)
Here, Dy = avazexp (%—:), where « is a geometry-related factor often close to unity, v is
the hopping frequency around a typical phonon frequency, a is the distance between
sites, the entropy term AS is neglected in this study, and E,, is the migration barrier.
The estimation error in Li conductivity is due to the general prediction error of the ex-

change-correlation functional.*”
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