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Abstract

Our world is struggling with the negative impacts of greenhouse gases, with CO constituting
more than % of them. The ammonia production through the Haber-Bosch process which is
vital for the sustain of human beings by ensuring food security, accounts for 1% of the CO-
emissions and is, unfortunately, the only economically viable option as of today. Therefore,
a global endeavor towards finding sustainable and carbon-free alternative pathways for
ammonia synthesis initiated and peaked during the past decade.

The present thesis is one step forward in this path reporting experimental results for
electrosynthesis of ammonia via the nitrogen reduction reaction at ambient conditions in
aqueous electrolytes. The first and the foremost important factor in these studies is to be able
to reliably report data from experiments. This is because the adventitious ammonia from the
atmosphere, human breath, laboratory equipment, gas supplies, etc. can emerge as false
positives in samples that are hoped to contain ammonia from an electrocatalytic reaction.
Due to this fact, a great deal of the endeavors in this work is focused on securing reliable
data. The electrochemical cell, ammonia measurement method, and experimental procedures
are all chosen and optimized carefully for this aim.

The previous theoretical studies in our group have narrowed down the possible choices of
electrocatalysts among transition metal nitrides and transition metal oxides. The candidates
that are tested in the experiments include CrN, VN, NbN, ZrN, NbO2, and NbON, all in the
form of thin-film polycrystalline surfaces. In the electrochemical experiments, various
techniques are employed to study the behaviors of the surfaces in the absence and the
presence of the reactive gas that is Ar(g) and N2(g), respectively. Ammonia production in all
cases is measured at various applied potentials and compared between the two gas
environments. The combined data from electrochemical studies, ammonia measurements,
surface analysis before and after experiments, and isotope labeling experiments proves the
catalytic/non-catalytic nature of the processes.

The results of the studies are presented in the form of one published paper, one submitted
paper, and one article draft attached at the end of this thesis.






Utdrattur

A heimsvisu berst mannkynid vid neikveaed ahrif grodurhusalofttegunda, pa adallega CO;
sem fyllir um prja fjorounga af heildar grodurhusalofttegundunum losudum af
mannavoldum. Framleidsla ammoniaks med Haber-Bosch adferdinni er lifsnaudsynleg fyrir
heimsbyggdina par sem hdn tryggir feedudryggi. Hins vegar veldur pad ferli losun 1% af allri
losun CO; af mannavdldum og er pvi midur eina pekkta ferlid til framleidslu ammaniaks.
Pess vegna hefur samfélag visindamanna hafid préun a sjalfberu ferli til framleidslu
ammoniaks undanfarinn &ratuginn.

Pessi ritgerd feerir okkur eitt skref afram i pessari préun. Hér birti ég nidurstédur tilrauna i
rafefnafreedilegum smidum ammaniaks med afoxun niturs vid herbergis hita og prysting i
raflausn Ur vatni. | pessum rannséknum er allra mikilvaegast ad hanna tilraunir & pann hatt
ad paer tryggja areidanlegar nidurstodur. Petta er sérstaklega flokid i ljosi pess ad ammoniak
er til stadar i andramsloftinu, andardreetti, bunadi & tilraunastofu og einnig sem snefill i
gastegunum sem eru notadar i tilraunum osfrv. Pad er pvi mjog audvelt ad fa falskar
jakveedar nidurstodur i tilraunum ef ekki er vel geett ad. Vegna pessa er stor hluti af vinnunni
sem er birt hér einsett & ad tryggja areidanleg gogn. Rafefnafraedi sellan, ammoniaks
magngreiningar og allir tilraunaferlar eru hannadir og bestadir ndkvaemlega i pessum
tilgangi.

Rannsoknarhopur professors Egils Skdlasonar hafdi adur prengt leitina ad gédum hvata til
afoxunar kofnunarefnis ar hopi hlidarmalm oxida og hlidarmalm nitrida. Mest lofandi
hvatarnir eru préfadir hér i tilraunum, CrN, VN, NbN, ZrN, NbO2> og NbON, sem punnar
hadir & fjolkristolludum yfirbordum. [ rafefnafraedi tilraununum eru ymsar nalganir nyttar til
bess ad rannsaka hegdun yfirbordanna med og an hvarfefnisins, niturs. Framleidsla
ammoniaks er i 6llum tilfellum magngreind vio mismunandi spennugildi og borin saman &
milli hvarfadsteedna (N2) og bakgrunns (Ar). Magngreiningar ammaoniaks, greiningar &
yfirbordum fyrir og eftir tilraunir og samsetumerking hvarfefnisins (*N2) eru svo nytt til
bess ad gera grein fyrir hvort hvotun afoxunar niturs eigi sér stad eda ekki.

Nidurstddurnar eru settar fram sem ein birt grein i ritryndu timariti, ein innsendar grein og
eitt uppkast ad grein, sem eru festar vid enda ritgerdarinnar.
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1 Introduction

The world’s population has increased from around 1 billion in the year 1800 to 7.8 billion
today. Although the rate of the population growth is now not as drastic as it was up to 1970
and even projected to fall to 0.1% per year by the year 2100, as seen in Figure 1, the existing
global population will still need substantial amount of food to survive®.

In this chapter we will look briefly into the importance of ammonia as the main source of
nitrogen in fertilizers. After that, the current industrial ammonia production process and the
limitations associated with it will be discussed. Next, alternative ammonia production
methods devised so far to address the drawbacks of current practices will be briefly
reviewed. Finally, the thesis outline will be highlighted.

1.1 Ammonia; the savior

Ammonia (NHz) is one of the most highly produced chemicals in the world and an important
commodity. It has widespread application in nitrogen fertilizers, pharmaceutical products,
cleaning products, and as an energy carrier, refrigerant, etc. Of the total ammonia produced
annually, more than 85% is consumed in the manufacturing of fertilizers to feed and sustain
the world’s growing population?. Without synthetic ammonia in fertilizers, the naturally
available sources can only support half of this population®. The production process of
ammonia from its elements, nitrogen gas (N2) and hydrogen (H-), is rather challenging as
the cleavage of the extremely strong triple bond of nitrogen requires a large energy input of
941 kJ mol™. In nature, the N fixation process is catalyzed at ambient conditions by an
enzyme called nitrogenase. The active site in this enzyme which is the CFezMoSs cluster
converts N2 to NH3 together with the reduction of protons to Ho:

N2+ 8 (H+ + e_) — 2NH3 + HZ (1.1)

This biological process is inefficient since it requires 16 mol adenosine triphosphate (ATP)
per mol N2 reduced, equivalent to an energy expense of nearly 5 eV per turnover of one N>
molecule (ca. 500 kJ/mol of N2)*°. In industry, however, the story is different.

1.2 Current industrial ammonia production

To date, the only economically feasible ammonia production process is via the Haber-Bosch
method which could be categorized as one of the most important and revolutionary industrial
chemical processes ever developed. Thanks to this great invention, humankind has been fed
over the past century.
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Figure 1. An overview of the world’s population growth from 1700 up to now and projection until 2100,
adapted from [1].

The Haber-Bosch process is an example of heterogeneous catalysis. This means that the
reaction occurs at the interface between two phases. Here, the reactants, which are hydrogen
and nitrogen gas are passed over an Fe-based catalyst promoted with K>O, CaO, SiO», and
Al>O3, at 300-500 °C to facilitate the kinetics and 150-200 atm to shift the equilibrium of
the exothermic reaction in favor of the products®:

N,(g)+ 3H,(g) <> 2NH3(g) AfHy = —45.9 k] mol™?! (1.2)

The source of nitrogen for this process is air, while hydrogen is commonly produced on-site
via methane reforming reactors using steam at 700-1000 °C:

CH, + H,0 — CO + 3H, (1.3)
followed by a water-gas shift reactor’:

CO 4+ H,0 > CO, + H, (1.4)

Although the Haber-Bosch process was a revolutionary contribution to the human progress,
there are many limitations associated with it. To start with, the operating conditions are
harsh, that is high temperatures and pressures in the ammonia production reactor, and high
temperatures in the hydrogen production reactor. These conditions require expensive
infrastructure which is only economically viable at a very large scale. Secondly, the process
itself is complex, owing to the fact that it has to be integrated with the hydrogen production



process and a gas recycler to improve the low equilibrium single-pass conversion of
ammonia from around 15% to 98%. Moreover, the whole process is highly energy-intensive
and emits up to 2 tons of CO2 per ton of NHs, making the worldwide manufacturing of
ammonia account for 1% of CO_ emissions®. Finally, the proximity to methane source limits
the plant locations to only to a few places around the globe, thus, necessitating the
distribution of product to the points of use by means of transportation which again adds to
the overall CO; emissions. Although, electrolysis was shown to be a green and viable option
for hydrogen production and has been implemented for a long time in few countries in their
Haber-Bosch plants, no major ammonia manufacturing plants are currently using this
method as it is more expensive than the conventional steam methane reforming?®.

These limitations drive scientists to look for more environmentally friendly means of
ammonia synthesis. In the next chapter, we will look into the most important alternative
pathways devised so far to overcome the Haber-Bosch process limitations.

1.3 Alternative pathways for ammonia synthesis

The urge to mitigate CO> emissions and decrease the cost of ammonia production have
motivated researchers to look for other low cost and low-carbon alternatives. To date,
multiple options have been sought after and studied. These alternatives have made it possible
for the reactions to be performed under milder conditions; that is intermediate
temperature/pressure, intermediate temperature/atmospheric  pressure, and room
temperature/atmospheric pressure (ambient conditions). In this section these options will be
briefly looked into.

1.3.1 Electrocatalysis

In this process, two electrodes are placed inside an electrolyte. A power supply provides the
electrodes with negative charge (cathode) and positive charge (anode). The general process
of electrocatalytic nitrogen reduction reaction (NRR) consists of: (i) formation of protons at
the anode/electrolyte interface, (ii) transport of protons through the electrolyte, (iii) reduction
of N2 at the catalyst (cathode) active sites by up-take of electrons, and (iv) ammonia
formation by protonation of N. Figure 2 shows the electrocatalysis process using a simple
schematic.

Catalyst materials: metals; metal nitrides/oxides/carbides/sulfides/borides; metal-free
catalysts; metal compounds.

Pros: Sustainable; Carbon-free; Ambient operating conditions
Cons: Low yield; Low current efficiency

This process will be discussed in more details in Chapter 2.



Figure 2. A simple schematic of an electrochemical cell for ammonia synthesis, reprinted with permission
from [10].

1.3.2 Photocatalysis

The photocatalytic production process of ammonia takes advantage of an external light
source to excite a photocatalyst. The excitation step generates electrons and holes in the
conduction band and valence band, respectively. These electrons and holes, then, migrate to
the photocatalyst’s active sites where the reduction process takes place once nitrogen is
adsorbed to the surface®®. Figure 3 shows a simple schematic of the photocatalytic NRR
process.

Catalyst _materials: bio-species/inorganic hybrids; biomimetic photocatalysts; pure
inorganic photocatalysts; functional diamond and silicon

Pros: Sustainable; Carbon-free; Ambient operating conditions

Cons: Low yield; Low efficiency; limited choice of catalyst; limited effective active sites
on the catalysts; inadequate light absorption; poor separation of photo-generated charge;
challenges regarding nitrogen adsorption to the surface!!.



Figure 3. Schematic illustration of photocatalytic NRR process, reprinted with permission from [10].

Conduction band NH,

@

&

\H | + 0,
@ o
Valence band HO

1.3.3 Plasma catalysis

Plasma is created by applying a strong electric field in the gas phase. As a result of a
discharge in the partially ionized gas molecules in the plasma, a high density of electrons,
neutral species, and highly excited atomic, molecular, ionic, and radical species is generated
which greatly enhances the reaction kinetics*2*3. Figure 4 depicts a plasma catalysis reactor

for ammonia synthesis used by Benyaala et al. in 2019.

Catalyst materials: Metals, metal oxides

Pros: Synergistic effect of surface and gas reactions; high throughput of ammonia

Cons: Energy intensive
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Figure 4. An N2-H2 plasma catalytic reactor for ammonia synthesis using a tungsten surface, reprinted

from [14].
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1.3.4 Plasma electrolysis

A plasma catalysis system is a hybrid electrolytic cell supported by a gaseous plasma
electrode which catalyzes NRR in the absence of any catalyst material. The process takes
advantage of electricity to form solvated electrons at the N2(g)-liquid interface which thereby
reduce N2 to form ammonia. As there is no catalyst used in this method, the kinetic barrier
for adsorption of species to a surface is removed, and thus the rate of the reaction only
depends on the concentration and transport of protons®®.

Catalyst materials: Catalyst-free

Pros: Up to 100% current efficiency

Cons: Extremely energy intensive
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Figure 5. A simple plasma electrolytic cell for ammonia synthesis. The species contained in the plasma
and their role in the reactions giving rise to the final product is also shown. Reprinted with permission
from [15].

1.3.5 Homogeneous catalysis

Homogeneous catalysis involves catalysts that are in the same phase as the electrolyte. In
this route, electrons are provided from a metal complex and protons are supported from an
acid media®®. Figure 6 shows a homogeneous catalytic cycle for ammonia synthesis using
Mo(2,6-bis(di-tert-butyl phosphinomethyl) pyridine) or Mo(PNP) as catalyst.

Catalyst materials: Iron and molybdenum complexes as in Nitrogenase enzyme

Pros: Mild operating conditions

Cons: Poor selectivity



2H*, 2e” H* e 3H*, 3e”

\
% [Mo] — N = N —== [Mo] = N — NH, —=» [Mo] = N — NH} == [Mo] = N —~= [Mo] — NH,

b
[Mo] C '/NZ NH; >

NH,

nH*  [Mo] — HI*

N — Mo

Mo - N

Figure 6. Ammonia synthesis cycle via homogeneous catalysis using Mo(PNP), Adapted from [17].

1.3.6 Electrochemical lithium cycling

This innovative strategy takes advantage of a stepwise approach to separate the reduction of
N2 from its protonation step to produce ammonia. The steps include: (i) electrolysis of LiOH
to produce Li, (ii) Li nitridation to produce solid LizN, and (iii) reaction of LizN with H.O
to produce NHsz and LiOH regeneration. This method was first introduced in 2017 by
McEnaney et al.*®. Figure 7 shows this ammonia synthesis cycle.

Catalyst materials: Steel as cathode and graphite as anode for LiOH electrolysis

Pros: Circumventing HER; high selectivity

Cons: High temperatures up to 450 °C needed for LiOH electrolysis; energy intensive

Molten Salt
Electrolysis Nitridation

Figure 7. Ammonia synthesis via electrochemical lithium cycling, Adapted from [18].



1.3.7 Summary of alternative pathways for ammonia synthesis

The alternative methods of ammonia synthesis, discussed above, are summarized in Table

1.

Table 1. General overview of the alternative methods for ammonia synthesis.

Methods Catalyst Material General Process Pros. Cons.
(1) Formation of protons in the
anode/electrolyte interface .
Metals, Metal Sustainable,
] nitrides/oxides/carbides/ gfgc'lt':glr;/stzort of protons through the Carbon-free, Low yield,
Electrocatalysis sulfides/borides, (3) Reaction of protons with N, at the Amb_le'nt operating Loyv_current
Metal-free catalysts, A conditions efficiency
Metal compounds catalyst active sites )
(4) Ammonia formation by up-taking
electrons
Bio-species/inorganic (1) Absorption of light to generate photo- Sustainable
hybrids, Biomimetic excited electrons and holes ! Low yield,

Photocatalysis

Plasma catalysis

Plasma electrolysis

Homogenous
catalysis

Chemical looping

photocatalysts, Pure

inorganic photocatalysts,

Functional diamond and
silicon

Metals/metal oxides

Catalyst-free

Iron and molybdenum
complexes as in
Nitrogenase enzyme

Steel cathode and
graphite anode for LiOH
electrolysis

(2) Migration of photo-excited electrons
to the catalyst active sites for NRR

(3) Migration of photo-induced holes to

the counter electrode for water oxidation

Highly reactive ions, electrons, and
molecular species in the plasma enhance
the kinetics

Cathodic plasma electrolytic cell

Electrons come from the metal complex
and protons from an acid media

A cycle of:

(1) LiOH electrolysis

(2) Li Nitridation

(3) Reaction of LiN with H,O, ammonia
release and LiOH regeneration

Carbon-free,
Ambient operating
conditions

Synergistic effect
of surface and gas
reactions

Up to 100%

Current efficiency

Mild conditions,

High selectivity

Low selectivity,
Limited choices
of catalyst

Energy intensive

Energy intensive

Poor selectivity

450 °C needed
for LIOH
electrolysis,
Energy intensive

1.4 Thesis objectives and outline

So far, the importance of ammonia in sustaining of human life has been briefly introduced.
Given the limitations associated with the current industrial production of this commaodity,
and the discussion around the viable alternative methods of ammonia synthesis and their
pros and cons, electrocatalysis seems to be the most appealing alternative to the Haber-Bosch
process. Therefore, the aim of this thesis is to develop more insights into the electrocatalytic
synthesis of ammonia, and address solutions to the challenges that the researchers in this
field might encounter in their endeavors. In a broader scope, the goal of the electrochemical
NRR studies is to design small-scale and decentralized ammonia synthesis units to be run by
farmers directly at the point of use. Right now, there is a common global endeavor to realize
this goal. The present research is one of those many trying to elucidate some aspects of the
whole picture. Therefore, within the chapters of this thesis, | will try to answer the following

research questions:



1.4.1 Research objectives/questions

1.

Right now, that the majority of researchers in this field utilize H-cell reactors for ammonia
synthesis, is there a possibility to use flow-cell reactors with the added benefit of automatic
sample collection and higher surface to volume ratio?

Since almost all the methods of NRR samples analysis commonly used by researchers
include manual sample preparation, how is it possible to integrate an automated ammonia
analysis method to the electrochemical setup?

What are the NRR experimental protocols that are often ignored by researchers and
therefore question their reported results?

How do electrochemical techniques describe the catalysts performances and how do the
combined results from multiple techniques help to understand the mechanism of NRR?
How does the combined results from catalyst characterization analysis and ammonia
production align with the results from the electrochemical characterizations?

Based on the detailed methodologies devised throughout the project, are transition metal
nitrides, that had previously been selected by theoretical computations, promising
candidates for electrochemical NRR under ambient conditions?

Does the presence of oxygen in the lattice structure of the transition metal nitrides affect the
activity and stability of the catalysts?

1.4.2 Research outline

In Chapter 2 of this thesis, the focus is on electrocatalysis and the principles of
electrocatalyst/electrolyte design. Different types of electrolytes and electrocatalyst used so
far in electrocatalytic synthesis of ammonia are discussed. Protocols for conducting reliable
NRR experiments are highlighted and based on those the state-of-the-art only considers the
studies that have managed to fulfill the necessary criteria. Chapter 3 gives a brief discussion
around the electrochemical techniques and their application in the study of ammonia
synthesis. In Chapter 4, the papers which are included at the end of this thesis are
summarized. Finally, in Chapter 5, conclusions are drawn on the whole study and a
discussion of the general outlook is given.






2 Electrocatalysis

Having learnt a lesson from nature on the requirement of proton-electron transfer in the
natural N fixation process (reaction 1.1), scientists started to investigate electrochemical
pathways to catalyze the nitrogen reduction reaction (NRR) or in other words to produce
NHs electrocatalytically.

Electrocatalysis reactions take place at a polarized catalyst-solution interface and involve at
least one step of charge transfer®®. The source of protons is the proton-donor electrolyte, and
electrons are provided to the catalyst surface through application of an overpotential. There
are several advantages to this process which include but are not limited to: (1) simple control
of voltage/current (on/off control); (2) integrating renewable energy sources to power the
process; (3) operation in ambient conditions which enables a variety of materials to be used
for reactor design; (4) minimum separation of products from reactants; (5) facile scale-up of
the process by stacking single-cells to increase the throughput; and (6) reduction of CO;
emissions to the environment provided that the source of electricity is from renewable
sources?>?!, The process of NHs synthesis electrocatalytically under ambient conditions with
the abovementioned advantages is highly challenging but extremely beneficial for a
sustainable future, once realized. Such a process is worth more in-depth investigations into
the choice of catalysts, types of electrolytes, reactor design, and a great deal of optimization
to be finally economically feasible.

2.1 Electrocatalyst/electrolyte design

Electrocatalysts facilitate electron transfer to the reactants in the electrolyte and in this way,
enable chemical reactions through direct use of electrons®’. For such electron transfer
reactions to take place, reactants need to be either adsorbed on or in the proximity of the
electrode surface. In NRR, N2 molecules need to be adsorbed on electrodes, reduced by the
electrons that are supplied from the external circuit and simultaneously react with protons to
form ammonia. Thus, the medium which is the bulk of the electrolyte containing
electroactive species, needs to fulfill certain criteria regarding mass and ion transport and at
the same time the catalyst should be correctly engineered to favor NRR rather than the
competing hydrogen evolution reaction (HER):

2H*(aq)+ 2e~ < Hy(g) (2.1)

2.1.1 Electrolytes

Electrolytes used in NRR are generally divided into three groups based on the operating
temperature: (i) electrolytes for high temperature purposes which are proton-conducting
solid electrolytes applied in temperatures above 500 °C, (ii) electrolytes used at medium
temperature, which are mainly molten salts of chlorides, bromides, hydroxides, etc. used as
eutectic mixtures and applied at a temperature range of 200-500 °C, (iii) electrolytes such as
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ion-conductive membranes, which are designed for operation under low temperatures (below
100 °C), and (iv) electrolytes for room temperature use, which can be classified as aqueous
(water-based) or non-aqueous (organic, ionic liquids).

Solid-state electrolytes

This electrolyte type is used at high temperatures and atmospheric pressures with the best
results usually achieved at temperatures above 500 °C. Solid-state ammonia synthesis makes
use of a dense solid electrolyte as a media to conduct either protons or oxide ions and to
serve as a barrier to gas diffusion. Figure 8 shows a schematic of these two types of
systems?,
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Figure 8. Solid-state electrochemical ammonia synthesis using (a) proton-conducting electrolyte, and (b)
oxide-conductive electrolyte. Reprinted with permission from [22].

In the case of proton-conductive solid electrolytes, gaseous Hz or steam is passed over the
anode and converted to protons:

3H,(g) — 6H™+ 6e” (2.2)
3H,0(g) — 6H*+20,(g) + 6e~ (2.3)

N2 gas is passed over the cathode and reacts with the protons that are transported through
the solid electrolyte to form ammonia:

N,(g) + 6HT+ 6e~ - 2NH;3(g) (2.4)

Thus, the overall reaction would be either of the following:

N,(g) + 3H,(g) - 2NH;(g) (2.5)

3
N(g) + 3H,0(g) — 2NH;(g) + 50,(9) (2.6)
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In the case of oxide-conductive solid electrolytes, on the cathode side:

3H,0(g) + N,(g) + 6e~ - 302"+ 2NH;(g) (2.7)

And on the anode:

3
3027 - 5 02(g) + 6e” (2.8)

The overall reaction is then:

3
N2(g) + 3H,0(g) - 2NH;(g) + 50,(g) (2.9)

Solid electrolytes include mainly perovskites-type oxides due to their exceptional chemical
and mechanical stability, along with their high proton conductivity, but some polymers and
composites have also been used for this purpose. Figure 9 is a schematic diagram of a double
chamber reactor cell used by Marnellos et al. The electrolyte of choice in this case is strontia—
ceria—ytterbia (SCY) perovskite of the form SrCeo.95Ybo.0s03. Porous palladium (Pd) is used
both as the cathode and the anode in the electrochemical cell?,

Figure 9. Double-chamber reactor cell utilizing proton-conducting solid-state electrolyte. Reprinted with
permission from [23].

Ammonia yield in such systems depends on the operating temperature, applied potential, the
thickness and the structure of the solid electrolyte or in other words its proton conductivity,
and the pore size of the electrodes which affects the surface area and catalytic activity??. To
date, the highest rate of ammonia production using this method has been achieved in a study
done by Wang et al. A composite of 80 wt% CeogY0.2019 and 20 wt% binary phosphates
(Caz(P0O4)2-K3PO4) as proton conductor was used as the electrolyte, Ag-Pd both as anode
and cathode, and N2 and H> as feed gasses. At a temperature of 650 °C a maximum rate of
9.5x10° mol cm s was reported®*. The highest faradaic efficiency thus far is 80 % and
was achieved by Marnellos et al. at 570 °C?3,

13



NHz synthesis in solid-state electrolytes benefits from high yields of ammonia production.
Elevated temperatures help the kinetics of the reaction and the conductivity of the
electrolyte. However, the exothermic reaction in the case of N, and H feed gasses is not
thermodynamically favorable. The H> gas source is the steam reforming of natural gas, thus,
not environmentally friendly. NH3 synthesis via N2 and H20 is exothermic and carbon-free,
however, the reducing power is not as strong as in the case of N2/H., and weaker conductivity
of O limits NHjs yield substantially®.

Molten salt electrolytes

Molten salts are usually applied at intermediate temperatures (200-500 °C). The mechanism
of ammonia synthesis in these systems is based on the conversion of the nitrogen gas to
nitride ions at the cathode and the reaction of the nitride ions with hydrogen or steam at the

anode to form ammonia?2’.
1 o (2.10)
ENZ(g) + 3¢ - N

s, 3 _ (2.11)
N°" + EHz(g) — NH3(g) + 3e
2N3~ + 3H,0(g) - 2NH;3(g) + 30?%” (2.12)

Figure 10 shows the apparatus used by Murakami et al. who were among the first to study
these systems. The electrolyte in this case was a molten salt mixture of LiCl, KCI, and CsCl
(0.5% Li3N added). Porous Ni was used as anode and boron-doped diamond (BDD) as
cathode. At 300 °C, this study reports a rather high ammonia production efficiency of 80%
and a rate of 5.8x10° mol cm2 s [27],

Power supply

NH,

T 15
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Molten salt

N, gas cathode

S H,0

Figure 10. Single-compartment reaction cell utilizing molten salt electrolyte. Reprinted with permission
from [27].

The ionic conductivity of the electrolyte for the transport of nitride ion is a critical factor in
the yield of the system. In a similar set-up with Ni as anode and Ni-Monel mesh as cathode,
Li et al. electrolyzed nitrogen and water vapor by means of a molten hydroxide
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(NaOH/KOH) electrolyte containing suspended Fe;Os nanoparticles and reached an
ammonia yield of 1.0x10® mol cm™ st at 200 °C?%,

Molten salt electrolytes decrease the competing HER greatly since they are free of protic
solvents. However, the limitations associated with the solid-state electrolytes hold in this
case as well (hydrogen feed and thermal requirements).

Ion-conductive electrolytes

At low temperatures (below 100 °C), proton-conductive and alkali anion-conductive
membranes come into practice. Proton exchange membranes (PEMs) are applied more
frequently and include Nafion and sulfonated polysulfone (SPSF)?*. Alkali anion exchange
membranes (AAEMs) are less frequently used and are of the hydroxide-exchange membrane
type. In either case, the electrodes are heat-pressed to the membrane and these catalyst-
coated membranes (CCMs) are assembled in a stack along with a gas-diffusion layer for
each electrode. The complete electrolyzer is called a membrane electrode assembly (MEA).
Depending on the type of membrane, MEA is either a proton-exchange membrane
electrolyzer (PEMEL) or an anion-exchange membrane electrolyzer (AEMEL)?. MEA
design takes advantage of a large triple-phase boundary which boosts the performance of the
electrochemical nitrogen reduction reaction (ENRR). Figure 11 shows a simple schematic
of a MEA electrolyzer.
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Figure 11. Membrane electrode assembly for ammonia synthesis at low temperatures. Reprinted with
permission from [29].

Kordali et el. Were the first to synthesize ammonia at atmospheric pressure and low
temperature (90 °C) using a Nafion electrolyte in 2 M KOH. By introducing N2 to the Ru
cathode and water to the Pt anode and applying a potential of -1.02 V vs. Ag/AgCl, 1.30 ug
h™t cm of ammonia was detected and a maximum current efficiency of 0.92% was achieved
at an applied potential of -0.96 V. It is likewise possible to feed a stream of H gas in place
of water to the anode side. Xu et al. used SmFeo.7Cuo.3-xNixOs3 as the cathode and samaria-
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doped ceria CeggSmo20>-5 (SDC) as the anode in their MEA. Using a Nafion electrolyte in
the cell at a temperature of 80 °C, they reached a maximum ammonia synthesis rate of
1.13x10°® mol cm s and a current efficiency of 90.4%3. The reliability of this report with
such high rate and efficiency at a rather low temperature is, however, under question since
no proof of catalysis has been provided by the authors. | encourage the reader to refer to
section 2.2 for more information in this regard.

Renner et al. were among the first to study AEMEL and found that with Fe and Ni catalysts,
up to 2% and 3.5% ammonia synthesis efficiency could be achieved, respectively, and tested
the combination of these two with varying particle surface area. These researchers argue that
AEM technology is capable of reaching the performance necessary to replace the current
Haber-Bosch process provided that the membranes and catalyst materials are improved®2.
Kong et al used an AEMEL with 0.5 M KOH to synthesize ammonia at temperatures below
65 °C using y-Fe20s as cathode and Ti as anode. Figure 12 is adapted from their published
report and shows the schematic of the process and the apparatus. A 14.8 nmol h™t cm2geo
(where “geo” refers to the geometric surface area) ammonia production rate and a very low
ammonia current efficiency of 0.0014% were reported. The authors believe the low activity
and selectivity is due to ammonia adsorption on the electrolyte membrane and reactor
surfaces®. Nash et al. studied the performance of several noble metal catalysts (Pt/C, Ir/C,
Pd/C, Ru/C, and Au/C) in both proton-exchange and hydroxide-exchange membrane
electrolyzers at -0.2 V and -0.4 V vs. reversible hydrogen electrode (RHE). The authors
report higher ammonia reaction rates in PEMEL but higher ammonia current efficiencies in
AEMEL. Higher current efficiency in AEMEL is attributed to the relatively slow kinetics of
HER in alkaline media®*.

® Anode

@ Membrane electrolyte
® Cathode

@ Gas diffusion layer

Cathode : N, + 6H,0 + 6¢ = 2NH; + 60H-
Anode: 60H- + 64 = 3H,0 + 1.50,
Net reaction : N, + 3H,0 = 2NH,; + 1.50,

Figure 12. Schematic and apparatus for anion-exchange membrane electrode assembly. Reprinted from
[33].
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As mentioned, there are pros and cons associated with each electrolyte option. On the one
hand, working at high temperatures is not favorable since it adds to the complexity of the
systems. Molten salts are corrosive and finding electrode materials stable at these conditions
is an issue. Also, the design and optimization of reactors based on MEA and solid
electrolytes is difficult and challenging. These options, thus, seem obsolete for small-scale
and decentralized units that are meant to be operated by farmers on their lands. On the other
hand, reaction rates are much lower at ambient conditions due to slower reaction kinetics.
However, it does not disqualify this option because reaction rate can in principle be modified
by the correct design of the other key factors in the system such as the electrocatalyst. The
two remaining options for electrolytes at ambient conditions i.e., aqueous, and non-aqueous
electrolytes again have pros and cons. Aqueous electrolytes have high water contents and
low N2 solubilities. But non-aqueous electrolytes take advantage of the high N2 solubility
and low water content, thus, suppressing the competing HER substantially. Nevertheless, as
the final goal of these studies is to synthesize ammonia from air and water, this study will
be focused only on aqueous electrolytes.

2.1.2 Electrocatalysts

The correct design of catalysts for the electrolyte of choice is critical in achieving the desired
reactions. For this aim, one needs to understand the underlying theoretical mechanisms for
nitrogen reduction to ammonia on heterogeneous surfaces. These are categorized into two
main mechanisms: Associative and Dissociative (Figure 13)%.

In a dissociative mechanism, first, the triple bond of N is broken, and then protonation takes
place on the individual N-adatoms on the surface. It is believed that the Haber-Bosch process
operates through this mechanism. The high temperatures and pressures in this process
provide the ground for the strong N=N bonds to split before protonation occurs®.
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Figure 13. Mechanisms governing the heterogenous nitrogen reduction to ammonia. Reprinted with
permission from [35].
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In an associative mechanism, protonation of nitrogen atoms takes place only after nitrogen
molecule is adsorbed on the surface. protonation itself can occur through two possible
pathways: Alternating and Distal. In the alternating pathway, protonation of both N atoms
in the nitrogen molecule takes place alternatively until one of the N atoms is converted into
NHs. At this point, the N-N bond breaks and the first ammonia is released. The second
ammonia will thereafter be released after another step of protonation. In the distal pathway,
the furthest nitrogen away from the surface is hydrogenated until the first ammonia molecule
is released. This leaves behind an N atom bound to the metal (M=N), which in turn is
hydrogenated to release the second ammonia molecule®.

The feasibility of ammonia synthesis and the mechanism through which it is realized
depends on the catalyst surface and its structure. Thanks to the advances in computational
methods, it is now possible to predict the catalysts behavior, and in this way, screen through
a pool of options to narrow down the field to a few promising ones to test in practice. Density
functional theory (DFT) calculations provide invaluable understandings in this regard. So
far, various surfaces have been studied via DFT calculations which include pure transition
metals, transition metal nitrides/oxides/carbides/sulfides/borides, single-atom catalysts, and
metal-free catalysts.

Transition metals (TMs)

The DFT calculations done by Skulason et al. on stepped TMs have shown W, Mo, Fe, Rh,
and Ru to be active towards ammonia synthesis, however, not selective. In other words, these
surfaces favor HER over NRR. On the other hand, defect-free surfaces of the early TMs like
Sc, Y, Ti, and Zr tend to bind N-atoms more strongly than the H-atoms and thus, favoring
ammonia production when an overpotential of -1 V to -1.5 V vs. standard hydrogen electrode
(SHE) was applied®’. More in-depth investigations were carried out over Ru(0001) surfaces
to study the mechanism of nitrogen reduction, and to identify the rate and potential limiting
steps.® The authors found that the initial activation of N2(g) was the rate-determining step
(RDS). They further predicted a combination of associative (up to the second proton-electron
transfer) and dissociative (NH2-NH2 bound breakage) mechanisms of NRR towards
ammonia formation. A robust experimental study was conducted to test the ammonia
formation in a cell comprising of Ru as the working electrode, Ir as the counter electrode,
and 0.1 M KOH as the electrolyte.®® The authors did not detect any ammonia more than the
background level and thus reported no ammonia activity.

Transition metal nitrides (TMNs)

TMNs can outperform pure TMs in favoring NRR over HER by stabilizing surface N-
vacancies and destabilizing H or O surface species. The role of N-vacancies in these surfaces
which push forward the reaction through the Mars-van Krevelen (MvK) mechanism instead
of associative or dissociative mechanisms, makes these surfaces unique in their application.
In this scheme which is illustrated in Figure 14, a surface nitrogen goes through three
consecutive steps of proton and electron transfer, resulting in the formation and desorption
of one molecule of ammonia, and formation of an N-vacancy. N2 is next adsorbed on the
surface and reduced either via a dissociative (solid arrows) or an associative (dashed arrows)
mechanism*. Abghoui et al. conducted comprehensive DFT calculations on a wide range of
TMNSs in their rocksalt (RS) and zincblende (ZB) structures and studied their behavior
regarding catalytic activity, stability of surface N-vacancies, stability against poisoning, and
decomposition potentials. They found VN, CrN, NbN, and ZrN in the RS (100) structure to
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be promising in these regards. Among these, VN was shown to be able to catalyze NRR with
a relatively low overpotential of -0.5 V, thereby avoiding decomposition*?43,

Transition metal oxides (TMOs)

TMOs were first studied using DFT calculations by Nguyen et al. who predicted an
associative mechanism on hematite (0001) surfaces. However, the surface needed a large
bias to make the reaction steps downbhill in free energy and thus, thermodynamically
favorable**. Later, Hoskuldsson et al. investigated the stability and the catalytic activity of
the (110) facet of 11 TMOs in their rutile structure. They found that ReO; and TaO; favored
NNH adsorption over hydrogen, resulting in high ammonia synthesis yields. NbO> was also
among the promising candidates on the volcano diagram*. Nb,Os (001) in another DFT
study showed high activation of N=N bond due to back transfer of charges from the surface
to the adsorbed N> molecule. The study predicts the associative distal pathway for the
reduction mechanism?*®,
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Figure 14. Ammonia formation on a metal nitride surface via. the Mars-van Krevelen mechanism.
Reprinted with permission from [41].

Transition metal carbides (TMCs)

TMCs are believed to ease the desorption of the ammonia product from the catalyst surface
by weakening the metal-N> interaction through their strong electronegative non-metal bond.
This was shown by Li et al. on Mo2C (100) surfaces; however, H-coverage was shown to
disrupt NRR activity*’. In another work, Mo,C and W-C were predicted to have the best
catalytic performances due to their exothermic reaction steps*“°. The DFT calculations by
Matanovic et al. predicted MoC (111) to be stable in a wide range of potentials and active
towards NRR through an associative mechanism, while suppressing HER®®. In an
experimental study, Roy et al modified the surface of Mo2C with Co, and due to the strong
electron-donating property of the catalyst to dissociate nitrogen molecules, achieved high
yields of ammonia®..
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Transition metal sulfides (TMSs)

TMSs are found in the active sites of the nitrogenase enzyme that produces ammonia via an
associative mechanism. This inspired researchers to study surfaces containing similar
elements. Zhang et al. initially investigated the energy profile of NRR on MoS; and found
out that the positively charged Mo-edge would polarize and activate the N, molecule®2. Chen
et al. took advantage of the interfacial engineering strategy and the coupling effect between
CoS: nanoparticles and graphene to make a strong bridging bonds of Co—N/S—C. These
bonds are believed to facilitate electron transport and, in this way, accelerate reaction
kinetics®®. Abghoui et al. did a thorough investigation on 18 TMSs regarding their
selectivity, activity, and the overpotential required for electrochemical ammonia formation.
They found RuS; to be the most active candidate catalyzing NRR via the associative
mechanism. NbS, CrS, TiS, and VS were also promising catalysts that were predicted to
undergo both associative and dissociative mechanisms®.

Transition metal borides (TMBs)

TMBs take advantage of boron as a p-block catalyst and a transition metal to improve N
adsorption and fixation. It is believed that the synergistic effect of boron and the metal works
towards lowering the maximum energy required in the elementary steps®>*®. This has been
shown in a theoretical study by Li et al. on FeBs(B)>. Qi et al. investigated into ten candidates
of TMBs and found out that TiB, YB, ZrB, and WB needed low overpotentials and followed
the direct dissociative mechanism for NRR®'. Furthermore, Liu et al. have calculated
relatively low limiting potentials for Fe;B, MO2B, and CO2B as -0.75 V, -0.82 V, and -0.84
V vs. RHE®®,

Single-atom catalysts (SACs)

SACs are another category of catalyst material that gained attention in the field of NRR quite
recently. SACs are isolated metal atoms anchored on a support which are believed to gain
their excellent performance towards NRR due to the ability of the substrate to provide
electrons to the anchored sites that adsorb the N, molecules®®. Some examples of SACs
whose mechanisms have so far been studied include Rui@y -graphyne®’, Ti and V@N4 61,
Mo1-N:C> 52, Mo@MoS; nanosheet®, Mo and Ru@CeO2 *¥, Fe@N doped carbon®, and
Cu@N doped carbon®®,

Metal-free catalysts

Polymeric carbon nitride (PCN), as one of the examples of this class of catalysts, was
reported by Lv et al. to catalyze the NRR by chemisorption of N> molecules on the as-
engineered N-vacancies®’. In another study, boron-interstitial (Bint)-doped C2N layer was
studied using DFT computations and reported as efficient metal-free catalyst that triggers
NRR via an enzymatic mechanism with relatively low overpotentials (-0.15 V)%, Other
promising metal-free catalyst studied by DFT include N-heterocyclic carbene®® and O-doped
graphdyne’ which operate through enzymatic and associative mechanisms, respectively.

Hybrid systems

This class of catalysts which include mixed metals, alloys, metal doped TMOs, transition
metal oxynitrides (TMONS), transition metal carbonitrides (TMCNSs), etc. have been studied
to a great deal as these systems take advantage of the synergistic effect of their components
towards the common goal of electrochemical ammonia synthesis™"’. A recent theoretical
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study by Pan et al”®. investigated various oxygen contents in vanadium oxynitride (VON)
and reported the effect of specific low and high oxygen contents on enhanced selectivity and
improved nitrogen adsorption and dissociation, respectively.

2.2 State of the art

In the past few years, the scientific society has faced a rapid growth in the number of
published articles in the field of NRR. Figure 15 is derived from the “Web of Science”
database using the keywords: “nitrogen reduction” AND ‘“ammonia” AND
“electrochemical” OR “electro-synthesis of ammonia” OR “electrochemical ammonia
synthesis”.
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Figure 15. Number of published articles in the field of NRR in the past decade, derived from the database
of “Web of Science”. The data was collected on July 26, 2021.

This search result might not cover all publications on this topic; however, the trend conveys
an increasing number of published articles with time which is due to an intensely competitive
environment, where the aim is merely to report maximized ammonia reaction rates and
current efficiencies for various catalysts and electrolytes. Unfortunately, the majority of
reports are being published with only preliminary results, without proper controls or
adequate proof of the source of the nitrogen in the measured ammonia product.

The importance of conducting accurate control experiments with Ar(g) and **N2(g) for NRR
experiments was first stressed by Chen et al’®. Later, Andersen et al. proposed a thorough
protocol for electrochemical ammonia synthesis experiments®®. In this scheme, when
ammonia is formed using a catalyst, researchers need to follow several steps to verify
catalysis before publishing their results. The first step is to run control experiments in Ar
media under the same exact conditions as with N2, and with N2 gas with no applied potential.
If ammonia is detected in these controls at comparable quantities to the experiment with N2
and applied potential, then researchers need to carefully examine the source of adventitious
ammonia from atmosphere, equipment, chemicals and gases, membrane, and the nitrogen-
containing catalyst or support. If ammonia is detected in quantities of an order of magnitude
lower than the experiment with N2 and applied potential, then the next step would be to
conduct an isotope labeling experiment after having assured that no contaminants are present
in the gas. If labeled ammonia is detected in comparable amounts to that detected using N
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gas, then the reproducibility needs to be checked and it is safe to report the results. It is worth
noting that the importance of following strict experimental procedures for NRR has also
been addressed by a few other research groups’®-®.

In this section, | decided not to report any results from those studies which have failed to
fulfill the NRR protocols described above as the data is considered unreliable. Table 2
summarizes the experimental conditions and the results from those studies that meet the
essential NRR experimental criteria. It is worth noting that some of these studies still fail to
report quantitative data from their isotope labeling experiments.

Table 2. State of the art on experimental NRR results.

Current

Catalyst Electrolyte T,P Reaction rate - Ref.
efficiency
. 0.2 M LiCIO4 in 1% . . .
Mo foil ethanol, 99% THF ambient 119 ughtcm 7.5 39
NbsO7(OH)/CFC 0.1 M NazSO4 ambient 622 ugh mg?! 39.9 82"
N-doped nanocarbon/FesC 0.1 M KOH ambient 0.88f pug h't mg* 2.72 83
1) Fe/FTO, 2) Fe/NF, a) [C4mpyr][eFAP] . s R *
3) Fe/SS b) [P6,6,6.14][cFAP] ambient 3,a) 2.22* ygh*mg 1,b) 60 84
, 0.2M LiBF4+ 0.1 M ambient P .
Cu disk [P6,6,6,14][eFAP] in THE T, 20bar ~ 5249-3ngh™cm 69 85
Li plated on SSC 1 M LiBFs, 0.1 M ethanol ~ ambient 620.16% ug h't mg! 35.3 86
Single atom Feon MoSz - 4 vy e ambient  97.5 pg ht mg'l 316 87
nanosheet
FeSnO: 0.1 M HCI ambient 82.7 ug ht mg? 20.4 88
Single atom Yt on carbon . A el
coated TiO» 0.1 M HCI ambient 6.3 ngh*mg 11 89
Pd nanoparticles 0.1 M Li2SO4 ambient 243 pghimg? 36.6 90
VN nanodots in graphite 0.1 M HCI ambient 20.5 ught mg? 8.6 91"
Zirconia nanofiber 0.1 M Naz2SO4 ambient 9.63 pg h't mg! 12.1 92
. 0.3 M LiClO4 in 99% ambient - *
Mo foil THF. 1% ethanol T.10 bar Not specified 37 93
Ru on carbon black 0.1 M phosphate buffer ambient 60.7 pg h't cm 64.8 94
solution
CuAu@cCu 0.1 M HCI ambient 33.9 ughtmg? 24.1 95"
Carbon-based catalyst in
Proton-filtering covalent 0.1 M HCI ambient 287.2 pyght mg? 54.5 96"
organic framework
Pd icosahedron 0.1 M Li2SO4 ambient 43.9 pgh'l mg? 31.98 97"

+ lonic liquid

1 Converted to this unit based on the data provided in the paper
* Quantitative isotope labeling is done.
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The experiments done within this PhD thesis are not only in thorough fulfilment of the
experimental NRR protocols, but also one step forward and beyond the state-of-the-art
methodologies. In this research, TMN and TMON thin-film catalysts are applied in an
electrochemical micro-reactor flow-cell which is connected in-line to an ammonia detection
and measurement unit. The direct connection of these two units minimizes the external
contaminations to a great deal as the samples are at all times confined in clean gas-tight tubes
and never taken out and gone through manual treatments and thus, never in contact with the
surrounding environment, human breath, nitril gloves, and unnecessary extra glassware.
Another advantage of this in-line synthesis and measurement system is the fast acquirement
of results after few minutes of electrochemical reactions. This immediately gives researchers
ideas about how to optimize and continue with the electrochemical methods applications in
much shorter time and of course with much less labor work. The ammonia measurement
itself is done using flow injection analysis (FIA)/ sequential injection analysis (SIA) whose
method is by far the most sensitive ammonia detection method with as low as 1 ppb limit of
detection (LOD), outperforming other common ammonia measurement techniques used by
researchers in this field such as the Nessler reagent, and Bromothymol Blue methods.

Furthermore, using the electrochemical data for guiding the way towards an active and stable
catalyst has not been performed before to the extend as within this thesis. Optimization of
chronoamperometry technique and voltammetry methods throughout the duration of NRR
experiments provide deep learning on the behavior of the systems as the reactions progress.
The distinct differences between Ar and N2 environments, that are usually not recognized
well using voltammetry methods, are demonstrated using dynamic electrochemical
impedance spectroscopy (DEIS), showing different values/numbers of resistances and
capacitances at specific potential ranges between the two media, suggesting the adsorption
and reduction process of N2 on the electrode surface. These electrochemical techniques and
their applications are briefly discussed in Chapter 3.
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3 Electrochemical techniques

Various techniques are devised to study electrochemical reactions; that is chemical reactions
that involve the transfer of electrons. Electron transfer from an electrode surface to the
species in the electrolyte (reduction process of the species at the cathode) occurs when the
lowest unoccupied molecular orbital (LUMO) of the species is at a lower energy level than
the electrons in the electrode. Conversely, electron transfer from the species in the electrolyte
to an electrode surface (oxidation process of the species at the anode) takes place when the
highest occupied molecular orbital (HOMO) of the species is at a higher energy level than
the electrons in the electrode®. Therefore, the energy level of electrons (Fermi level) defines
the way in which electrochemical reactions proceed. This energy level is modulated in
various ways through different electrochemical techniques by an external power source or a
potentiostat to enable electrochemical reactions, study the behavior of the electrochemical
systems, and to measure the thermodynamic and kinetic parameters®. In this chapter the
electrochemical techniques that were utilized in this study are briefly discussed.

3.1 Linear sweep voltammetry

In linear sweep voltammetry (LSV), the applied potential is linearly stepped from an upper
limit (E1; no faradaic processes) to a lower limit (E2; faradaic processes), as seen in Figure
16, and the resulting current response is plotted as a function of the applied potential. Note
that faradaic processes that give rise to faradaic currents are those that involve the transfer
of electrons while non-faradaic (capacitive) processes are those that involve the
rearrangement of ions in the electrical double layer (EDL) and thereby give rise to capacitive
or charging currents®.

At E1 no faradaic processes take place as this potential does not provide enough energy to
alter the Fermi level of the electrons to the extent that makes electron transfer possible. The
current response is then only that of the charging current. As the potential is scanned to more
negative values, electron transfer at the electrode-electrolyte interface becomes possible and
the species at the interface are reduced. The resulting current is termed as faradaic current.
The potential at which this process is enabled is called the onset potential (OP).

The slope of the plot of E vs. t is the potential scan rate which directly affects the magnitude
of the peak current. At lower scan rates, the sweep from E1 to E2 takes longer time and thus,
the diffusion layer grows much further from the electrode. This causes a decline in the flux
of the species to the electrode surface and therefore, lower reduction current compared to the
case with higher potential scan rate, as explained by the Fick’s laws'%. For those reactions
with fast electron transfer kinetics, the potential at which the maximum reduction current is
achieved (Ep) stays unchanged with varying scan rates.
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Figure 16. Linear sweep voltammetry (LSV). (a) Linear potential step from E1 to E2 as a function of
time. Potential scan rate is higher in the case shown as a blue line compared to the red one. (b) the
corresponding current response as a function of the applied potential. The maximum reduction current
achieved at EP increases with the increase in the potential scan rate.

An important parameter derived from the LSV curves at very low scan rates is the Tafel
slope. Tafel slope conveys the energy required to increase the current by a factor of 10 and
initiate the faradaic processes in a system that it is almost unaltered®!. To calculate the Tafel
slope, first we need to consider the Butler-Volmer equation that describes simple redox
reactions:

J=Jo {eXp (_aRF_Tn) — exp [(1 —a) %n]} (3.1)

where o is the transfer coefficient, # defines the overpotential which is the difference
between the electrode and standard potentials (E — E°), F is the Faraday’s constant, R is the
universal gas constant, T is the temperature, jo is the exchange current density, and j is the
total current densities from both reduction and oxidation reactions with opposite signs. Now,
if we just consider the reduction process, the following equation can be derived from
equation 3.1:

RT RT
1= Inip) = —In() 42

Therefore, n vs. In(j) is a linear plot whose slope and intercept define the Tafel Slope and
the exchange current density, respectively. These two parameters give insight about the

reaction mechanism, by knowing the RDS, and the catalytic activity'°21% which is discussed
in detail for NRR experiments in Paper 11 attached to this thesis.

3.2 Cyclic voltammetry

Cyclic voltammetry (CV) is a popular technique that is used in almost all electrochemical
studies. As the name suggests, it is performed by cycling the potential of the catalyst
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(working electrode) in a specific window and measuring the resulting current. In another
sense, it is an extension of the LSV by adding a reverse scan from the final potential (E2)
back to the initial potential (E1) as seen in Figure 17(a). The outcome of this technique is a
plot (Figure 17(b)) in which the parameter that is imposed on the system (E; applied
potential) is put on the x-axis while the y-axis is the system response (i; current).
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Figure 17. Cyclic voltammetry (CV). (a) Linear potential step from E1 to E2 and back to Elagain as a
function of time. The potential cycling is shown for two cycles. (b) the corresponding current response
as a function of the applied potential. Here the current response is only shown for one cycle.

This plot provides both qualitative and quantitative information about the system under
study. Qualitatively, it is possible to observe the presence of intermediates, by following the
number of redox peaks, as well as the reversibility of the redox reactions by observing an
oxidation peak corresponding to a reduction peak (with a difference of no more than 60
mV)%, Quantitatively, it is possible to obtain the catalysts’ active surface area and specific
capacitance from cyclic voltammograms, however, these quantitative analyses were not
practiced as a part of this thesis.

It is also possible to run multiple cycles of CV and track down the changes in the current
density, position of peaks, and the onset potential. This gives an insight about the stability
of the catalyst. In the studies done within this thesis, this technique is used as one of the
methods to track the stability of the surfaces throughout the whole duration of the
experiments. Additionally, in NRR experiments, CV is recorded under Nz and Ar) media
where any shift in the current response and onset potential in Nag) vs. Ar(g) are taken as the
positive effect of the presence of N2 molecules in the environment which leads to its
adsorption and reduction on the catalyst’s active sites.

3.3 Chronoamperometry

Chronoamperometry is a technique in which the current response to a potential step (AE) is
recorded as a function of time (t). This technique is used to study the kinetics of chemical
reactions, diffusion processes, and adsorption®>*%, Figure 18(a) shows a potential step, as a
consequence of which a current response is generated (Figure 18(b)), with t being the time
of the potential step. The current response yields useful information about the system under
study.
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Figure 18. Chronoamperometry with a double potential step. (a) Potential (E) step as a function of time,
and (b) the corresponding current response as a function of time. Adapted from [94] with slight
modifications.

E1 in Figure 18 is a potential at which no faradaic processes occur. Stepping the potential to
E2 results in a current response, whose shape suggests that (i) reduction of specie A at the
electrode surface is instant; and (ii) from 0 to T, reduction reaction is diffusion-controlled
that is the rate of the reduction reaction is limited by the diffusion of specie A towards the
electrode; (iii) from 0 to 1, there is a buildup of A™ near the electrode; (iv) at time t, oxidation
of A’ is instant; and (v) after 7, the oxidation reaction is diffusion-controlled. In such a system
which is unstirred and diffusion-controlled, current decays with t*2 and the current response
obeys the Cottrell equation:

1
B nFAD,’?C, (3:3)

[=—
7'[1/21:1/2

where n is the number of electrons in the redox process, F is the Faraday constant, A is
electrode area, D, is the diffusion coefficient of the redox species, C, is the bulk
concentration of the redox species, and t is time. By conducing the chronoamperometry
technique, it is possible to define either the electrode area, diffusion coefficient, or sample
concentration provided that two of these variables are known and as long as the adsorption
is negligible!®+105,

In the NRR experiments performed in this thesis, chronoamperometry at different potentials
is used mainly for ammonia synthesis, and the calculations of reaction rates and current
efficiencies. However, the way this technique is implemented is to repeat a cycle of applied
potential and open circuit potential (OCP) measurement for ca. 30 minutes for the ammonia
synthesis purpose. Recording the OCP in between the applied potentials is done to free the
catalyst’s active sites that might have been blocked by other species in the electrolyte and to
allow Nz to have access the vacancies. On the importance of N2() access to the catalyst, it
is worth to note that the electrochemical cell used in our studies is a two-compartment three-
electrode micro-reactor flow-cell that allows the direct gas flow inside the working
compartment (refer to Papers 11 and 111, supporting information, Section 2).
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3.4 Differential pulse voltammetry

Differential pulse voltammetry (DPV) is a sensitive technique in which amplitude potential
pulses are applied on a linear ramp potential®®. The base potential (E1) is where no faradaic
processes take place. This base potential is then increased by equal increment pulses until
reaching E2 as seen in Figure 19. Note that we refer to the increase in potential when its
value tends to more negative values. The resulting currents before and after the pulse
application are recorded and the difference in current is plotted as a function of the base
potential. This pulse technique is sensitive as it minimizes the capacitive current and thus,
enables the observation of possible reduction peaks in the capacitive zone that would
otherwise not be recognized in the other voltametric studies described above®.
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Figure 19. lllustration of the differential pulse voltammetry (DPV) technique. Typical parameters values
are: 5 mV for step size, 25 mV for pulse size, 50 ms for pulse time, and 0.5 s for sample period.

Figure 20 shows an overlay of two LSV and DPV curves recorded using a TiN surface in
K2SO4 electrolyte in N2 environment. No reduction peak is observed in the LSV curve in the
capacitive zone up to the onset potential at around -1 V vs. Ag/AgCI. However, using DPV,
it is possible to observe a clear reduction peak at around -0.8 V vs. Ag/AgCl. This technique
thus helps to identify the potentials that need to be studied for catalysis studies.
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Figure 20. Current response as a function of applied potential in two techniques of LSV (black line) and
DPV (red line) recorded using a TiN surface in K2SOg4 electrolyte saturated with N2 gas in a three-
electrode H-cell setup.

3.5 Electrochemical impedance spectroscopy

The electrical behavior of an electrochemical system is best described by the analysis of
electrochemical impedance spectroscopy (EIS). This technique focuses on the electrolyte
side of the interface between electrode and electrolyte and develops models based on the
frequency response of the electrochemical system. The parameters that are finally identified
and determined from the developed models, help to understand the behavior of the system
under study®®.

Unlike the so far mentioned electrochemical techniques in which direct current (DC)
potentials are applied to the electrodes, in the EIS technique a time-independent DC potential
is applied with a time harmonic oscillating electric or alternative current (AC) potential most
commonly with a frequency range of 10°— 102 Hz'%, The input potential is in the form of a
sinusoidal signal, E = E, sin(wt = 2mft), and the resulting current is also in the form of a
sinusoidal wave with a phase shift, I = I,sin(wt + ¢). Following Ohm’s law, the
impedance is thus:

E E, sin(wt 3.4
=7 = sz = Zoexp(jo) = Z, (cosg + jsin(p)) (34
Where Eo, and lo, are the amplitude of the potential, and the current signals, respectively,
w is the radial frequency, ¢ is the phase shift, and Zo is the magnitude of the impedance
following Ohm’s law when E and | are in the same phase. Therefore, impedance is a complex
value consisting of a real and an imaginary component. The plot of the imaginary component
(Z" = Z, sing) as a function of the real component (Z' = Z, cos¢) in all the frequency
range results in the Nyquist plot, while the plots of the total impedance (|Z| or the impedance
modulus) as well as the phase angle as a function of the applied frequency (f) result in the
Bode plot. These plots describe the whole electrochemical system in terms of electrical
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parameters such as charge transfer resistivities (Rct), capacitances (Cdl), inductances (L),
etcl?’,

Nyquist plot, an example of which is shown in Figure 21(a), usually consists of one or two
semi-circles at high frequency regions, representing the electrolyte and the charge transfer
resistance, respectively. In the systems with limitation of mass transport, a non-vertical line
is also present at low frequency regions.
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Figure 21. (a) A typical Nyquist plot showing two semi-circles at higher frequencies and an oblique line
at the lower frequency region. (b) the corresponding Bode plot demonstrating the total impedance (green
solid line) and the phase angle (blue dashed line) as a function of applied frequency. The elements of the
equivalent circuit are marked on the Bode plot.

The Nyquist and the Bode plots are analyzed using the Z-view software (Scribner Associates
®) where different models of an electrical circuit are fitted to the curves until reaching a
model that gives the best goodness of fit (y2). Equivalent circuits consist of different
elements such as resistors, capacitors (or constant phase elements), inductors, Warburg
elements, etc. Figure 22 demonstrates the circuit equivalent to the plots shown in Figure 21.
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Figure 22. Equivalent circuit for the data in Figure 21. The model circuit consists of three resistors
(describing the electrolyte resistance and two charge transfer resistances), two constant phase elements
(describing the capacitance associated with the two resistors), and a Warburg element describing the
diffusion-controlled region.

In this thesis, dynamic electrochemical impedance spectroscopy (DEIS) was implemented
for NRR studies (Papers Il and I1I). This means that EIS was carried out at various DC
potentials based on the requirements of the experiments. These potentials were selected such
that they would cover the open circuit potential, the capacitive zone, onset potential, and the
faradaic zone. The changes observed in the EIS plots give insights about the dynamic change
of the electrical double layer and electron transfer, as applied potentials tend to more
negative values.
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4 Summary of papers

4.1 Paperl

The first paper was sheerly the outcome of a keen observation while working on the NRR
experiments. In these experiments, a two-chamber micro-reactor flow-cell was used as the
reactor, and the working and the counter electrode chambers were separated by means of a
proton exchange membrane, which in our case was always Nafion 211. The common
pretreatment procedure of Nafion as practiced today is to use H2O2 (3-5)% at 80 °C for 1 h
to remove organic impurities, next rinsing in 0.1-1 M H>SO4 at 80 °C for 3 h to eliminate
metallic impurities and to protonate the membrane, and finally leaving the membrane in
ultrapure water at 80 °C for over 6 hours to rinse the excess acid and reach the maximum
expansion. After applying the same methodology, | found out that this procedure was leaving
Nafion with a significant amount of ammonia which would have inevitably found its way to
the reactor and measured as catalysis product, while being a false positive in essence. The
importance of preventing false positives from NRR experiments had previously been
stressed enough in a few publications, however, the correct pretreatment of Nafion, the most
used membrane in this field, had never been discussed. This made me, dig deeper into the
issue, and design more experiments to see how environmental conditions were affecting the
degree of contamination.

| started with one of the commonly practiced methods of treatment denoted in the paper as
“short treatment” and prepared same-size Nafion pieces (Nafion 211 and 117) in two
different containers; polypropylene with screw cap and borosilicate glass beaker covered
with Al foil. The same treatment process left the pretreated Nafion in the polypropylene
container with randomly and drastically higher ammonia contaminations which was
attributed to the containers’ caps popping up at 80 °C throughout the process leaving the
Nafion soaking the external contamination which varies on a timely basis. This container
was, therefore, not used anymore in our tests. Next, | tried “long treatment” process using
glass beakers only. | tested the same glass beaker throughout the whole treatment process
vs. using a fresh acid-washed beaker at each step of the process. In both cases, Nafion (211
and 117) pieces were left with noticeable amount of ammonia. The replicates of the same
tests yielding various results proved that these contamination levels were dependent on the
NHz3 concentrations in local atmosphere (in Iceland, close to a geothermal drill hole, in direct
relationship with environmental H.S level) that could vary quite drastically between
locations world-wide and on daily basis. Finally, | proposed a modification to this process
which consisted of four steps of ultrasonic cleaning of Nafion at room temperature, each for
a duration of 20 min. The steps included using (i) 5% H20, (ii) ultrapure water, (iii) 0.5 M
H2SOs, and (iv) ultrapure water. The membrane was then left for 12 h in ultrapure water at
80 °C. Right before application in the electrochemical setup, the membrane was sonicated
in 0.05 M H2S04 and ultrapure water. The modified method is not only more practical than
commonly used methods, but also rules out the chance of Nafion being a source for ammonia
detected in NRR experiments.
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4.2 Paper 11

After spending a great deal of time on setup and method optimizations and having stablished
robust basis on how to conduct electrochemical NRR as reliably as possible, | started to test
some of the catalysts that had previously been predicted by DFT calculations as promising
candidates for this reaction. In this manuscript the performance of four TMN catalysts
towards nitrogen reduction reaction and ammonia synthesis was investigated. These
catalysts included CrN, VN, NbN, and ZrN grown as polycrystalline thin-films and were
compared regarding activity, selectivity, and stability. A three-electrode, two-compartment
micro-reactor setup was used in all experiments wherein the electrolyte and gas were directly
introduced over the working electrode and the working and the counter compartments were
separated by a correctly pretreated Nafion 211 membrane. All gas streams in the experiments
were purified and deprived of ammonia and NOXx traces prior to entering the electrochemical
setup using two gas washing bottles containing 0.05 M H>SO4 and ultrapure water.
Ammonia synthesis was done by means of chronoamperometry loops and accurate
measurement of the product was realized in an in-line connection of the electrochemical
setup to the ammonia detection unit without manual handling of the samples.
Electrochemical impedance spectroscopy was carried out to study the electrical behavior of
the system, and cyclic voltammetry technique was implemented at fixed intervals to track
the surface changes throughout the experiments. All experiments were done in N2 and Ar as
the reactive and the blank medium, respectively. Surfaces were characterized by means of
XRD, XRR, and XPS both before starting the experiments on the pristine samples and after
all the experiments.

Results of this study indicate that ZrN fulfills all the criteria for an electrochemical NRR
catalyst at a certain potential range (-0.6 to -0.8 V vs. RHE). At these two potentials,
ammonia is produced when there is access to N2(g) but not in its absence i.e., in Ar(g). The
highest current efficiency is 1.30% + 0.59% which is achieved at -0.6 V vs. RHE. In more
negative applied potentials, ZrN surface decomposes as increasing amounts of ammonia are
detected in an Ar(g) medium. Larger Tafel slopes in Ar vs. N2 environments which are
calculated from linear sweep voltammograms also suggest that an added reaction other than
HER is in process in N2 medium which could be attributed to the NRR. Dynamic EIS studies
reveal more capacitance in N2 vs. Ar which could mean that nitrogen is adsorbed on the
surface. The stability of this surface is fairly good throughout the tests in both N2 and Ar gas
and the films experience minimal changes compared to their pristine forms. Ammonia
production at -0.6 V and -0.8 V vs. RHE is, unfortunately, not sufficient and falls below the
LOD of the *H-NMR method (~ 30 ppb). Therefore, the isotope labeling experiment on ZrN
is not conducted. Based on previous predictions from DFT calculations on three facets of
RS(100), (110), and (111) of ZrN, it seems that the polycrystalline film under experimental
conditions predominantly releases ammonia from its (100) facet since there is a close
agreement between the theoretical and experimental onset potentials. CrN surface does not
produce ammonia higher than the limit of detection at any stage of the electrochemical
characterization and chronoamperometry studies although it shows significant current
density responses. Out of the DFT calculation analysis it was confirmed that this surface is
always adsorbing more stable species like H*, OH-, and O? in all the potential ranges and
there is no potential window in which none of these species are adsorbed to the surface. This
is believed to be the reason that N2 can never be adsorbed to the surface and reduced. VN
and NbN surfaces both produce ammonia by releasing their inherent N atoms in the
beginning of electrochemical experiments. Based on theoretical onset potential
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determinations from DFT data, it is believed that ammonia production on NbN is dominantly
from the RS(100) facet while VN has all its three facets actively involved. Both these
surfaces become inactive upon reacting their N atoms of the topmost layers and thus, no
further ammonia is produced.

4.3 Paper 111

NbO> was reported by theoretical computations to be among the promising TMO candidates
to catalyze NRR. Extensive electrochemical tests on thin films of NbO2 proved their
complete inactivity towards NRR. However, the hybrid class of catalysts mentioned in
section 2.1.2 of this thesis seemed to have promising features enhancing the performance of
the NRR catalysts. As a result, four niobium oxynitride (NbOxNy) surfaces with various
stoichiometries of non-metals to metal were grown by adjusting the flowrates of Oz and N2
during the growth procedure in a magnetron sputtering chamber. We named these surfaces:
NbON#1, NbON#2, NbON#3, and NbON#4 and their exact stoichiometries were found by
the X-ray photoelectron spectroscopy (XPS) analysis as NDON#1: NbOq.goNo.42, NDON#2:
NbOggsNo42, NbBON#3: NbO120No23, and NbON#4: NbOi128No2s. The combined
stoichiometry of non-metal vs. metal (x+y) were 1.22, 1.28, 1.43, and 1.52, respectively.
These surfaces were investigated for the effect of their stoichiometries on the
electrochemical behavior of catalyzing the nitrogen reduction reaction at ambient conditions.
All experimental preparations, electrochemical setup, the in-line ammonia detection, and the
electrochemical methods were as mentioned in the summary of Paper Il above.

The differences in the stoichiometries gave rise to different onset potentials and current
density responses recorded in cyclic voltammograms in Ar vs. N2 on each surface as well as
in N2 or Ar on all the surfaces. Ammonia quantification experiments using
chronoamperometry technique applied between various negative and positive potentials
revealed that the first two surfaces were decomposing in an Ar environment, releasing more
ammonia with higher current efficiencies compared to that in an N2 environment. NoON#3
showed the least activity and selectivity towards NRR compared to the rest. However,
NbON#4 which had the highest x+y in the series (1.52), demonstrated higher ammonia
production and current efficiency in N2 vs. Ar at some chronoamperometry potential
combinations. Two chronoamperometry loops of A = OCP+0.2 Vand B=-0.2 V,and A =
OCP+0.2 V and B = -0.4 V yield the highest current efficiency and reaction rate for this
surface; 1.5x10712 + 7.9x10** mol cm™2 s, 8.47 + 0.45% and 2.3x107*? + 3.5x10*3 mol cm"
251 557 + 0.82%, respectively. Electrochemical impedance spectroscopy in N2 medium at
the onset potential demonstrated two charge transfers for NbON#1 and NbON#2 while there
were three charge transfers visible on NbON#3 and NbON#4. In Ar medium, all the surfaces
showed only two charge transfers. The two charge transfers were attributed to hydrogen
evolution reaction (HER) and lattice oxide reduction reaction (ORR). However, the extra
third charge transfer in N> environment was attributed to the only extra reaction that was
possible in this environment which was NRR. Based on these observations plus the fact that
these surfaces released ammonia at open circuit potential (OCP), a mechanism for NRR was
proposed wherein three protons were adsorbed to the lattice N producing the first ammonia
and forming an N vacancy on the surface. Nitrogen was next adsorbed on the N vacancy and
reduced. Next, three protons were adsorbed to the surface N atom. Finally, the second
ammonia was desorbed, and surface was replenished. Although, these observations were
quite promising in demonstrating the catalytic behavior of the surfaces, *°N isotope labelling
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yielded only Y*ammonia, meaning that the catalytic system was not stable enough to maintain
the MvK mechanism and produce detectable *NHs with the GC-MS methodology.
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5 Conclusion and outlook

5.1 Conclusion

When | started my Ph.D. studies in 2016, the NRR field was a lot different from how I find
it today. The keen reader would realize this simply by looking at Figure 15 in this thesis. At
that time, the scientific society was rather a “quiet place”. But soon this peaceful world was
bombarded by massive number of publications claiming to excel previous works by
reporting high records of ammonia reaction rates and current efficiencies, fighting over the
first place in simple terms. This is not all bad in a sense, but sadly enough, most scientists
publishing these articles, were not cautious about the very many sources of external
contaminations that would jeopardize their research, and (either aware or unaware)
contributed to this chaos. Interestingly, those times coincided with my NRR studies yielding
promising preliminary results, however, before any attempt to publish, | was insightfully
instructed to study all the possible sources of false positives in my studies and that was the
time when the exciting results turned unattractive. At that time, we built our self-protocols,
which is schematically described in Paper 111, and always sticked to it. A couple of years
after that, the importance of NRR protocols were stressed by few research groups in the form
of published papers which were truly noticed. However, it is only recently that researchers
are beginning to realize the importance of following strict NRR protocols and implementing
them in their studies. | grew up in these five years as did the whole NRR field and | can say
for sure that the electrosynthesis of ammonia at ambient conditions in the laboratory scale
is challenging but not impossible. These challenges mainly root in the correct performance
of experiments which should consequently lead to correct and reliable data reported from
the experiments. Therefore, | have done my best in this research and focused a great deal of
attention on securing reliable data and therefore, my reported results are not subjected to any
uncertainty (to the best of my knowledge). Referring to Table 2 in this thesis and comparing
the results in Papers 1l and 111 with these reports, it is clear to the reader that | have not, so
far, accomplished to reach higher ammonia reaction rates and current efficiencies. However,
this project is not coming into a halt at this point and more research based on the lessons
learned is on the plan. I am, overall, happy and satisfied that the methodologies presented in
this thesis can be elucidating guidelines for researchers, improving the quality of future
reports in this field.

This project goes beyond the state of the art in the following manner:

a) Addressing research question 1: (Right now, that the majority of researchers in
this field utilize H-cell reactors for ammonia synthesis, is there a possibility to
use flow-cell reactors with the added benefit of automatic sample collection and
higher surface to volume ratio?) An electrochemical micro-reactor flow-cell with
the possibility of creating a three-phase contact takes advantage of small volumes of
electrolyte continuously fed to the system with optimized flowrates. This is while the
majority of the NRR research is done in H-cell type reactors where larger volumes
of electrolytes are fed initially to the system. The benefit of using a micro-reactor
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b)

d)

f)

over a H-cell reactor is the faster achievement of detectable amounts of ammonia
higher than the LOD values, and its facile connection to in-line product quantification
units. The design of our modified micro-reactor flow-cell is described in detail in the
supplementary information of Papers Il and I11.

Addressing research question 2: (Since almost all the methods of NRR samples
analysis commonly used by researchers include manual sample preparation,
how is it possible to integrate an automated ammonia analysis method to the
electrochemical setup?) A direct connection of the electrochemical system to an in-
line ammonia quantification system not only reduces the possibility of introducing
external contamination to the experimental samples, but also reduces the labor work
associated with sample preparation and analysis. The usual practiced method in most
of the laboratories, however, is to manually take samples from the H-cell reactor and
prepare the sample for analysis by manual treatment. This increases the chance of
contamination from adventitious ammonia in the surroundings and the equipment
and thus, not repeatable and reliable results may be obtained. The in-line ammonia
quantification setup was used in all electrochemical experiments and reported in
detail in the supplementary information of Papers Il and III.

Addressing research question 2: The ammonia measurement method developed by
FlAlab and modified in this research, has so far, the most sensitive LOD (~ 1 ppb)
which is over 10 and 20 times lower than that of the commonly used indophenol blue
and Nessler reagent quantification methods, respectively. FIA method was used
throughout this thesis for ammonia quantification and the details of the process are
elaborated in the supplementary information of Papers I, 1, and III.

Addressing research question 3: (What are the NRR experimental protocols
that are often ignored by researchers and therefore question their reported
results?) Here in this thesis and in more details in Paper I, | demonstrate how the
commonly used Nafion membrane in the NRR experiments can be a random source
of ammonia contamination to the electrochemical environment if not pretreated
correctly. An improved pretreatment method is presented, as well, that guarantees
ammonia-free membranes before starting NRR experiments.

Addressing research question 4: (Application of various electrochemical
techniques) Within this project and in more details in Paper Il and 11, | demonstrate
the importance of utilizing various electrochemical measurements to understand the
system responses in the presence and the absence of nitrogen, and the possible
underlying reaction mechanism by analyzing the agreement/disagreement of one
technique vs. the others.

Addressing research question 5: (How does the combined results from catalyst
characterization analysis and ammonia production align with the results from
the electrochemical characterizations?) Integrating surface analysis into
quantitative ammonia analysis as employed in Paper 1l is based on XRR analysis.
The method relies on our knowledge of the number of N atoms initially and finally
present in the catalyst i.e., before and after each experiment. The difference between
the initial and the final state yields the “N atoms of the catalyst consumed” in the
experiment. On the other hand, the total produced ammonia in the experiments can
also be easily converted to equivalent “N atoms/ NH3z molecules produced”. The



comparison of these two gives a clearer image of the source of the produced
ammonia.

g) Addressing research question 6: (Are transition metal nitrides, that had
previously been selected by theoretical computations, promising candidates for
electrochemical NRR under ambient conditions?) The results of Paper 1l show
that polycrystalline ZrN, previously identified by DFT as promising candidate for
NRR, demonstrates catalytic responses within certain potential windows. ZrN is
stable and produces ammonia catalytically with a low reaction rate and current
efficiency at -0.6 V to -0.8 V vs. RHE. This production is, unfortunately, not
sufficient and falls below the LOD of the *H-NMR method (~ 30 ppb). Therefore,
the isotope labeling experiment on ZrN appear to be a waste of time and precious
5N, gas. We are currently working on improving our electrodes and cell design to
overcome this challenge.

h) Addressing research question 7: (Does the presence of oxygen in the lattice
structure of the transition metal nitrides affect the activity and stability of the
catalysts?) What is concluded from Paper 111 is that niobium oxynitride thin films
demonstrate catalytic responses within certain potential windows. NbO128No.24
shows distinct electrochemical responses in N2 vs. Ar environment suggesting an
electrocatalytic process; however, the catalyst is not stable enough and decomposes.
This is proved by conducting isotope labeling experiment and sample analysis using
GC-MS. For this aim a method to concentrate ammonia in samples and its
derivatization in the form of benzenesulfonamide was devised and optimized. This
study did not prove catalysis since the isotope-labeled form of the derivatized product
was not measured in any of the samples. The promising behavior of this surface,
however, can benefit from an improved electrode and cell design; the first steps
towards which have already been taken.

5.2 Outlook

Currently, numerous NRR studies are being conducted globally, a large proportion of which
still fail to follow the required protocols. It is hoped that this proportion increases in the
future. The electrochemical NRR field is still in its infancy and there are still many
opportunities for optimization, and research and development before commercialization
becomes feasible. For an NRR process to become economically feasible, the reaction rate
must surpass a value of 10°° mol cm s%. So far, researchers have tried to make use of high
surface area catalysts, thin-film, or spiral wound type electrode configurations, as well as
optimizing catalysts’ thickness to overcome this issue to some extent. Engineering the
catalyst/substrates to provide more reactants for the active reaction sites is another strategy
that has gained a lot of attention recently. Most of these strategies bear serious mass transport
problems and is still in the stage of development.

Another factor that is of paramount importance is the long-term stability of the catalysts.
Catalysts performing under ambient conditions have limited life cycle which is in most cases
less than 1 h. This is an obstacle on the way to industrial application where years of life cycle
is demanded. This stems from a great lack of fundamental understandings in reaction
mechanisms, intermediate species generation and consumptions, rate determining steps, etc.
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in real experimental conditions. Under such conditions, catalysts can readily undergo
poisoning and deactivation if not treated correctly. Adsorption of reactants and desorption
of products are the two main steps that need accurate control while applying electrochemical
techniques. Therefore, this gap between theoretical computations and experimental
applications needs to become narrower and eventually lifted which inevitably demands much
longer and more expensive computations. The constant interplay between experiment and
theory should then boost the performance of the catalysts.
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Preparation of Nafion Membranes for Reproducible Ammonia Quan-
tification in Nitrogen Reduction Reaction Experiments

Fatemeh Hanifpour, Arnar Sveinbjornsson, Camila Pia Canales, Egill Skiilason, and

Helga Dogg Flosadottir*

Abstract: This study highlights the importance of following
a strict protocol for Nafion membrane pretreatment for
electrochemical nitrogen reduction reaction experiments.
Atmospheric ammonia pollution can be introduced to the
experimental setup through membranes and interpreted falsely
as catalysis product from N, The sources of ammonia
contamination vary drastically between locations worldwide
and even within the same location between days depending on
temperature, wind direction, fertilizer use, and manure accu-
mulation in its vicinity. The study shows that significant
amounts of ammonium is accumulated in the membranes after
commonly practiced pretreatment methods, where the amount
depends on the ammonia concentration in the surrounding of
the experiment. Therefore, we introduce a new pretreatment
method which removes all the ammonium in the membrane.
The membranes can be stored for several days but a short final
step in the method needs to be carried out right before NRR
experiments.

The development of a sustainable and efficient process for
ammonia (NH;) production from nitrogen (N,) is now
a significant research and development objective. Many
researchers are focusing on NH; synthesis at ambient
conditions by means of N, reduction reaction (NRR) using
heterogeneous catalysts as an alternative for the conventional
Haber-Bosch process. This interesting new field is at the same
time quite challenging as there are numerous possible sources
of contamination introduced to the experiments, causing false
positive results, that is, the produced NH; may not in fact be
the result of a catalytic reaction but come from different
sources of contamination. In this sense, several researchers
have recently published articles stressing the importance of
rigorous and efficient experimental protocols to conduct
NRR as reliable as possible to minimize the external sources
of contamination. These sources include, but are not limited
to, the inherent contamination in the setup, the reactant gas
(**N, and “N,) and electrolyte, human breath, and nitrile
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rubber gloves." For this reason, as reported by Chorken-
dorff and co-workers, it is important to consider a systematic
benchmarking protocol to eliminate the false and retain the
true results in NRR.P!

However, environmental effects on NRR experiments
have not yet been seriously considered. Atmospheric NH;
pollution commonly exists as a point source from industry or
agriculture, and its concentration at each location can there-
fore vary quite drastically between days and seasons within
the exact same location depending on temperature, wind
direction, fertilizer use, and manure accumulation and use.
These variations can cause false positives in NRR experi-
ments. A study on ammonia concentrations in the atmosphere
in Taiwan shows that NHj; levels can reach as high as 100 ppb
in such a highly populated and polluted location.”! Atmos-
pheric contamination of such levels could interfere with the
ammonia quantification in NRR experiments done world-
wide today. The ventilation system together with the fume
hood in laboratories should be capable of providing indoor air
quality according to acceptable standards. For such ventila-
tion to be effective, large volumes of external atmosphere are
pumped through the laboratory during the day, in most cases
not considering purifying gaseous atmospheric pollution from
the inlet air. Poor ventilation and infiltration are found to be
the major sources of laboratory indoor air pollution.®

To minimize the variable effects of environmental pollu-
tants, it is necessary to start the NRR experiments as clean as
possible and maintain that throughout the experiment by
minimizing handling of samples. A typical setup for NRR
experiments includes a double compartment electrochemical
cell utilizing a proton exchange membrane (PEM) to separate
the two compartments. The role of the PEM in aqueous-acidic
electrolyte is to crossover protons from the anodic chamber to
the cathodic chamber and, at the same time, to prevent
diffusion of O, and the decomposition of the NH," product on
the counter electrode. However, PEMs, with Nafion 211 and
Nafion 117 being the most common membranes in such
applications, can accumulate and partially crossover NH,*
ions resulting in gradual decrease of membrane conductivity
during experiments.!">*) Ren and co-workers have concluded
that the use of Nafion membranes in NRR experiments may
be inappropriate, as ammonium can pass through the
membrane, be adsorbed on the membrane or, even, interact
with it, which is unfavorable for reliable and reproducible
quantification of the product.!'’! Although long-term applica-
tion of Nafion (7-10 days) is not suitable owing to loss of
conductivity, Nafion membranes are nevertheless widely used
in short term (ca. 2 h) NRR experiments today and deserve
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further investigation on pretreatment protocols to obtain as
reliable data as possible.

In this work, we report measurements on ammonium
contamination in pretreated Nafion membranes using the
common pretreatment methods reported in the literature and
recommend a modification to this process. Two of the most
common Nafion membranes (117 and 211) are used as an
example. It is observed that the accumulation of NH," in the
membrane highly depends on the local atmospheric levels of
NH;, on the specific day when the pretreatment process
takes place or when the membranes are used. As atmospheric
levels of ammonia vary between locations, this can be an
important factor to consider when doing NRR experiments in
highly populated and polluted cities, or close to industries or
agriculture. This study is performed in the outskirts of
Reykjavik, Iceland, a city where atmospheric pollutants are
usually very low.'!! The main repeating sources of atmos-
pheric NH; pollution are from the geothermal wells in Hengill
area and a few agricultural activities such as a pig farm in
a 25 km distance from the research site.

Measurements of atmospheric NH;,, are not commonly
performed in Iceland where the experiments reported here
are conducted. Geothermal wells, however, have been shown
to emit NH; to some extent along with many other gases such
as H,S, CO,, H,, and CH,.">"! Air pollution stations in
Reykjavik commonly monitor H,S as the main pollutant. The
studies presented here are performed at the Innovation
Center Iceland, which is within 1 km distance from the
nearest monitoring station, Lambhagi. In this study, we use
environmental data of atmospheric H,S for the purpose of
estimating the change in the local, proportional atmospheric
level of NH;, as these two tend to co-exist and correlate in
atmosphere as emissions from geothermal wells. The geo-
thermal well at Nesjavellir is estimated to be the main source
of atmospheric NH; pollution, but there may also be other
temporary sources. The source of atmospheric NH;, can vary
between locations and the level of concentration can vary
within location between seasons and days. It should be noted
that the levels of H,S and NHj; can vary significantly between
days in Iceland, depending on wind direction and location
with regards to the geothermal areas, but these levels are
commonly very low compared to most cities.” This study is in
all cases performed at the same location but different days.
We observe a great variation in repeated experiments
depending on the day. These results can in principle be
extrapolated to different locations world-wide where a large
variation of ammonia concentration may exist in atmosphere
depending on both the date and location of the experiment.

Therefore, there is a need for a standard procedure for
Nafion pretreatment to ensure that the membrane is not
a source for ammonia. This study introduces a method for
expansion and purification of Nafion membranes that pro-
vides ammonium-free membranes to conduct NRR experi-
ments with.

The commercial expansion method for Nafion mem-
branes is to use water (room temperature or up to 90°C) or
dilute acids (0.2% to 0.5% HNO; or HCIl), depending on
application.!'] The common Nafion pretreatment method as
practiced in most of the published reports in the NRR field,
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however, is to treat Nafion first using H,0, (3-5)% at 80°C to
remove organic impurities, next using 0.1-1 M H,SO, at 80°C
to eliminate metallic impurities and to protonate the mem-
brane, and finally leave Nafion in ultrapure water at 80°C to
rinse the excess acid and reach the maximum expansion.!"
The commonly used pretreatment process could leave the
membrane polluted with significant amounts of ammonium
because atmospheric and gaseous ammonia is dissolved in any
aqueous solution open to air, and protonated to form
ammonium. A piece of Nafion submerged in the aqueous
solution is then exposed to ammonium ions, that are then
exchanged with the acid sites of the membrane, in equilibrium
with the NH,* concentration in the solution. Following the ion
exchange, the Nafion adsorbed ammonium ions self-diffuse
into and through the membrane.['! This brings forth doubts in
the actual quantification of the NRR product.

In this study, multiple versions of pretreatment methods
are performed to account for many possible variations within
laboratories carrying out NRR experiments to date. These are
referred to as Methods 14 within this text. These different
procedures are shown in detail in Table 1 and compared with
a modified procedure (Method5) we introduce here to
minimize the amount of ammonium ions in Nafion mem-
branes before they are used in NRR experiments.

Dry Nafion sheets of size 4.5 cm? are used in all cases. All
containers are acid washed with 20% HCI at least for 12 h
before the experiments. The effect of container type
(Method 1 vs. 2) and the use of fresh container in each step
vs. using same container all through the pretreatment
procedure (Method 3 vs. 4) are studied. Ammonia uptake
by Nafion is measured at the end of the pretreatment
processes by sonicating the membrane in SmL of fresh
0.05M H,SO, for 10 minutes and measuring the ammonia

Table 1: Variations in Nafion pretreatments tested in this study.”

Method Method  Container Procedure®

no. name

1 polypropylene 1.80°C, 1 h, 5% H,0,
short w/screw cap 2. 80°C, 1 h, milliQ water

2 treatment  glass, Al foil 3.80°C, 1 h, 0.5 M H,SO,

4.80°C, 1 h, milliQ water

3 long treat- glass, Al foil 1. 80°C, 1 h, 5% H,0,
ment (fresh) 2.80°C, 1 h, milliQ water

4 (common glass, Al foil 3.80°C, 3 h,0.5M H,SO,
practice)  (same) 4.80°C, 6 h, milliQ water

5 modified  glass, Al foil  In ultrasonic bath:
method (same) . RT, 20 min, 5% H,0,

1

2. RT, 20 min, milliQ water

3. RT, 20 min, 0.5 M H,SO,

4. RT, 20 min, milliQ water
5.80°C, >12 h, milliQ water

6. RT, Sonication in 0.05 M
H,SO, and milliQ water directly
before use

© 2020 Wiley-VCH GmbH

[a] Polypropylene beaker with screw cap is used in Method 1 but glass
beakers covered with Al foil are used in Methods 2-5. In Method 3

a fresh beaker is used in each step of the procedure, while Methods 4 and
5 use the same beaker in all steps. [b] RT=room temperature.
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content in the acidic solution by means of flow injection
analysis, a selective quantification method of aqueous am-
monium ions as low as 1 ppb (see the full description in the
Supporting Information). In all experiments, blanks were
collected by sonicating 5SmL of 0.05M sulfuric acid for
10 minutes under the same condition as the samples. In all
cases the ammonia detected in the blanks was lower than the
limit of detection.

Methods 1 and 2 used the same procedure but different
containers; plastic beakers with screw caps (Method 1) and
glass beakers covered with Al foil (Method 2). The study
showed that plastic beakers with screw caps were not suitable
containers for this high temperature method, as the caps
popped up randomly owing to high pressure inside, and the
contents were, on such occasions, totally exposed to the
surrounding environment. Thus, plastic beakers were disre-
garded in later experiments.

Methods 3 and 4 were performed according to the
common method practiced for Nafion pretreatment as
described in Table 1. There, the comparison was made
between using a new and clean beaker for every new
preparation step (Method 3) and using only one and single
beaker for all preparation steps (Method 4).

Ammonia contents of pretreated Nafion 211 and 117
undergoing these methods are shown in Figure 1. Apparently,
the use of pretreatment Methods 1-4 does not remove
ammonium from the membranes in any of the 18 tests
performed. The ammonia content is measured from around
0.1-2 pg whereas the limit of detection in this study is much
lower, or 5 ng. This external ammonium contamination would
therefore significantly affect the results obtained in NRR
experiments. There is no clear difference between Meth-
ods 1-4 tested here when it comes to ammonium removal.
However, fluctuations between replicates of the same tests
could only be attributed to the atmospheric concentrations of
ammonia (estimated from the H,S atmospheric level in this
study) or other external contamination factors. This under-
pins the demand for a reliable method for contaminant-free
preparation of Nafion membrane.

2 8
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Figure 1. Ammonia content in Nafion membranes after pretreatment
methods listed in Table 1. Solid columns in each method represent
NH; data on Nafion 211 and empty columns represent the data on
Nafion 117. H,S data is shown as dots. Limit of Detection (LOD) of
the method for ammonia analysis is typically between 5-15 ng (dashed
line at 5 ng). Method 5 was repeated 7 times on different days for both
Nafion types where atmospheric H,S levels were varying but the
ammonia content was always under the LOD.
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To reach the maximum expansion and remove ammonium
from Nafion membrane before applying it in the electro-
chemical cell, we suggest a pretreatment process referred to
Method 5 in Table 1. Nafion is first sonicated for 20 minutes
at room temperature (RT) in 5% H,0,. The analysis of total
organic content (TOC) in Vario TOC cube (Elementar
Analysensysteme GmbH, 63505 Langenselbold, Germany)
shows that this step can remove all the possible organic
impurities in the membrane (see the Supporting Information,
Table S1). Next, Nafion is sonicated for 20 minutes at RT in
ultrapure water (milliQ Quantum TEX) before undergoing
the same sonication step in 0.5 M H,SO,. Inductively coupled
plasma (ICP) analysis (Agilent Technologies 7800 ICP-MS)
confirms that this step can remove metallic impurities inside
the membrane (Supporting Information, Table S2). Nafion is
next sonicated again for 20 minutes at RT in ultrapure water
to rinse the excessive acid from the previous step. To reach the
maximum expansion, Nafion needs to be kept in ultrapure
water at 80 °C for a minimum of 12 h. In this step, Nafion
membrane is expanded and protonated and may be kept at
room temperature in water inside an amber glass until its
application. However, directly prior to use, the membrane
needs to be sonicated in 0.05 M H,SO, and ultrapure water.
Immersing Nafion in H,SO, solution provides excessive
access to protons, reversing the cation exchange and extract-
ing NH," from Nafion into the solution and thus, fully
protonating the membrane prior to use in experiments.
Ammonia content of Nafion prepared using this procedure
was measured several times (either using one beaker or
different beakers in the pretreatment procedure) and the
resulting amount was always lower than the limit of detection
of the method (5ng NH;). As shown in Figure 1, H,S
contaminant was present in the atmosphere during all the
tests that were performed using Method 5, and in many cases
the levels were even higher than those of the tests done using
Methods 1-4, yet no ammonia contamination was found in
the membrane after such pretreatment. It is worth to note that
all measurements of each sample were repeated at least twice
in a row. The measurements were in all cases reproducible
within measurement error. For a detailed description of the
ammonia measurement method, see the Supporting Informa-
tion.

It is common laboratory practice to pretreat several
Nafion membranes simultaneously for a use-period of the
following 5-7 days. Nafion is then stored in ultrapure water
until use, during which time it may accumulate NHj; to higher
contamination levels. This highly depends on the storage
solution which is constantly in dynamic equilibrium with the
surrounding atmosphere. An experiment to demonstrate the
effect of atmospheric NH;(g) concentration on extended
storage of Nafion in ultrapure water, was performed with
Nafion 211 (as no distinct difference was observed between
Nafion 211 and 117 in previous experiments). Here, a 10-day
study was performed where a fully prepared membrane
(4.5 cm? of Nafion 211 pretreated initially using Method 5)
was kept in ultrapure water and analyzed for NH; concen-
tration on various days (Figure 2a). Six samples were taken:
the first one, right after pretreatment which as expected did
not contain any ammonia contamination, and the rest of the
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Figure 2. Ammonia content in Nafion 211 (4.5 cm?) as a function of
days after pretreatment and atmospheric H,S levels. Membranes were
pretreated initially using the modified method and kept in ultrapure
water in a glass beaker covered with Al foil. a) Significant amount of
ammonia was measured, except at day zero, right after pretreatment,
when step 6 in Method 5 was not carried out directly before ammonia
measurements whereas b) the ammonia content was always lower
than the LOD when step 6 in Method 5 was carried out directly before
ammonia measurements. LOD of the method for ammonia analysis is
typically between 5-15 ng (dashed line at 5 ng).

samples were taken after 2, 3, 7, 8, and 10 days after the initial
pretreatment. The results demonstrated a high variation of
NH; concentration in membranes on the specified days. The
ammonia concentration in the membrane is plotted against
the number of days passed initial pretreatment. The results
appear to follow the local atmospheric concentration of NH;
(estimated from the H,S atmospheric level). It should be
noted that here the ammonia content was measured in the
membranes after storing them in ultrapure water for a few
days without performing the final step of Method 5 directly
before analysis.

Considering the above, similar sets of tests were repeated,
but sample collection and analysis were done after perform-
ing the final step of Method 5 (sonication in 0.05 M H,SO,
and ultrapure water) directly before sample collection; see
Figure 2b. Despite the various H,S levels on various days
within this test, the results showed ammonia concentrations
below limit of detection in all the samples.

Note in Figure 2 a that although the average of H,S level
on the pretreatment day (day 0) was significant, there was no
ammonia detected in the sample, demonstrating the methods
reproducibility and the need for this pretreatment. Figure 2b
also demonstrates that pretreatment can be done several days
before experiments if the final step of the method is
performed directly before use. Furthermore, the variable
concentrations observed depending upon the local and short-
term atmospheric levels of NH; implies that the comparison
of an NRR experiment and its associate blank test done on
different days may not represent the true results without
ensuring a clean and closed experimental environment.

Further comparison between Nafion 211 pretreatment
using Method 4 and Method 5 was done in a double-compart-
ment H-cell. Two cells were used for each pretreatment
method; 1) blank cell filled with 20.0 mL of 0.05 M H,SO, in
both cathodic and anodic chambers and 2) sample cell filled
with 20.0 mL of 0.05 M H,SO, containing 0.3 ppm of ammo-
nia (60 pg) in the cathodic chamber and no concentration of
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ammonia in the anodic chamber. N, was bubbled through the
cathodic chambers for 2 h. The Nafion membranes were
collected and sonicated in 5.0 mL of 0.05M H,SO,. The
ammonia contained in Nafion after the test is shown in
Table 2. Similar results as shown before in Figure 1 were
obtained for the blank tests; Nafion pretreated using
Method 4 included significant amount of ammonium whereas
with Method 5 this amount was under detection limit. For the
sample tests it is clear that in both cases (Methods 4 and 5)
more ammonia was adsorbed into the Nafion compared with
the blank tests, demonstrating the fast equilibrium between
electrolyte and membrane. Similar amount of ammonium was
absorbed into the membranes with both methods (65-78 ng),
which is around 0.001 % of the ammonia in the electrolyte
(60 pg) during the 2 hour experiments. This simulated NRR
experiments shows that our proposed method can be used for
the pretreatment process and then ammonia from the
membrane can be accounted for in the end of the experiment
if needed.

The sources of atmospheric H,S in Iceland are geothermal
wells and drill holes. Ammonia emissions from geothermal
wells in Iceland have not been widely studied. One study
performed in Iceland observed NH; in geothermal steam
condensate of Hellisheidi.'”! On the other hand, H,S, a well-
known geothermal emission gas, is extensively monitored.!'¥!
Furthermore, a study on geothermal wells in Cerro Prieto IV
in Mexico measured CO,, H,S, H,, CH,, and NH; from
geothermal wells, which demonstrates the co-existence of
NH; and H,S.'*” Intermittent and short-term increase in local
atmospheric levels of H,S and NHj, therefore, simultaneously
implies the short-term increase of geothermal well pollution
often observed in specific wind direction. The direct relation
between H,S and NH; concentration levels in atmosphere has
also been reported in a study by Blunden et al. where they
monitor the diurnal variations for H,S and NH; emission rates
from the ventilation exhaust of a pig barn in North
Carolina.l'¥ The geothermal wells are the main source of
atmospheric NH; in Reykjavik, Iceland, but there are many
other possible sources elsewhere causing much higher atmos-
pheric concentrations.

It is important to notice that the concentration of
ammonium in Nafion reported here are significant, yet not
very high. We show that the concentration of ammonium in
the membrane highly depends on atmospheric levels of NH;,
which we observe by performing the experiments on different
days using commonly utilized pretreatment methods and
compare it with pollutant data for those days. Since the
atmospheric levels of ammonia can vary greatly between
locations world-wide,'”! the ammonium content in the
membrane will highly depend on the location of the experi-

Table 2: Ammonia content in Nafion 211 undergone common and
modified pretreatment methods in a simulated NRR experiment.

Method ~ Ammonia in Nafion in blank  Ammonia in Nafion in
no. cell [ng] sample cell [ng]

4 150+8 228+13

5 <18 6541
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ment. The atmospheric concentration of ammonia also highly
depends upon temperature and season (fertilizer applica-
tion).”") Measurements of aerosol NH; in Heimaey, an active
volcano island south of Iceland, demonstrated 0.05-0.12 ppb
NH; in air.”!! Atmospheric concentrations have been mea-
sured in various cities worldwide and reported between 3 ppb
and 100 ppb (up to 800 times the reported concentration in
Heimaey) depending on location and time.”! These variations
further support the demand to ensure that Nafion used for
each experiment is not a source of ammonia. The very low
atmospheric concentrations of NHj; in Iceland can still cause
observable concentrations of NH; in the membranes, unless
the proposed method in this study is used. Variations of
atmospheric NH; may in many cases cause differences in NH;
concentrations that can be falsely attributed to catalysis.

In conclusion, this study reports an observation of
ammonium contamination in expanded and protonated
Nafion membranes ready for application, as one of the
sources of false positive results in NRR experiments. An
improved pretreatment procedure is suggested to ensure
ammonium-free membranes prior to use. The contamination
levels are demonstrated to be dependent upon the NHj;
concentrations in local atmosphere that can vary quite
drastically between locations world-wide and on daily basis.
The modified method of Nafion pretreatment is both more
practical than previous methods and rules out the chance of
Nafion being a source for ammonia detected in NRR
experiments.
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A utilizable method of Nafion pretreat-
ment for the nitrogen reduction reaction
(NRR) is proposed. This method rules
out a critical source of false positive res-
ults in NRR experiments. Failing to follow
these steps can introduce variable
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amounts of atmospheric ammonia to the
setup, which may be interpreted falsely as
catalysis product. This observation que-

stions previous results reported in this
field.
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1. Chemicals and Reagents

Nafion® 211 and 117 were purchased as sheets of 30 x 30 cm? from FuelCellStore, Texas, USA. Sulfuric acid (H.SO4, Honeywell
FlukaTM, 97.0%) was diluted in ultrapure water (milliQ Quantum TEX) to obtain the desired concentrations. Hydrogen peroxide (H20-,
Sigma-Aldrich, 230%) was diluted in milliQ water to make the 5% solution needed in the pretreatment sequence.

Materials required for ammonia determination and quantification include: sodium hydroxide (NaOH, Sigma-Aldrich, 298%), ortho-
phthalaldehyde (OPA, Sigma-Aldrich, 299%), disodium tetra borate decahydrate (Na;B.O7.10H,O, Merck, 99.5%), sodium sulfite
(Naz0sS, Sigma-Aldrich, 98-100%) and triton X-100 ((C2H40)nC14H220, Sigma-Aldrich).

2. Experimental Procedures

2.1 Ammonia detection method

Flow Injection Analysis® (FIAlab-3500b, FlAlab Instruments Inc. Bellevue, WA 98007 USA) is used to detect and quantify ammonia
using the fluorescent method, as previously described by FlAlab, with slight changes discussed below (see schematic in Fig. S1).™ In
this setup, a peristaltic pump was used to control the flowrate of all solutions required for ammonia detection. These include: (i) Carrier
stream of 0.05 M H,SO,, (ii) Carrier stream of milliQ water, (iii) Reagent number 1: 2 M NaOH, prepared within the same day, and (iv)
Reagent number 2: 150 g disodium tetraborate decahydrate, 4 g OPA dissolved in 100 mL ethanol, 0.08 g sodium sulfite and 5 g Triton-
X soap in 5 L solution, pH: 9.4, prepared 7-10 days prior to use and kept in amber bottles. For quantitative calibration, an autosampler
was used to collect ammonia standards from vials into the sample loop. A two-way valve was used to load/inject ammonia
standards/samples in/from a 200 pL sample loop. A carrier stream was used to push the sample inside the sample loop forward to be
mixed with reagent 1, converting the NH4"aq) to NHs(g). At this point, a gas diffusion cell was used to separate the gaseous ammonia
from the liquid stream through a Teflon membrane and collect it in a clean, degassed, milliQ water stream. This water carrying ammonia
was later mixed with reagent 2 and heated to 70 °C using a heating coil to promote a reaction between NH; and OPA to form a
fluorescent compound. Then the sample was chilled in a cooling bath at 20 °C prior to entering the photo multiplier tube (PMT) cuvette.
The fluorescent excitation wavelength used was 370 nm. The emission of 425 nm was then amplified by the PMT providing the final

reading and a detection limit of as low as 1 ppb for ammonia in aqueous solutions was acquired.
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Figure S1. Schematic drawing of the fluorometric quantitative ammonia detection method used in the present study. OPA stands for ortho-phthalaldehyde and

when combined with ammonia becomes fluorescent (see text).

A set of standards were prepared by diluting as purchased ammonium standard solution of 1000 ppm (Merck) with the electrolyte to

the desired concentrations. Standards were collected in the sample loop using the device’s auto sampler and analyzed through a FIA

method defined specifically for calibration. A typical calibration curve is presented in Fig. S2. All samples measured fall within the

calibrated range.
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Figure S2. Ammonia calibration curve.

2.2 Analysis of organic content

0.15 0.2 0.25

Concentration / ppm

In order to confirm the efficiency of the modified method in removing organic impurities from Nafion® membrane, the comparison
between the conventional method and Method 5 was performed. The common procedure for this aim is to heat the membrane to 80 °C
in 3-5 % H,0, solution for 1 hour. Since, Method 5 suggests 20 minutes of sonication at room temperature (RT) for this step, here we
tested if the result of these two approaches would in fact be comparable, i.e. the modified method is efficient enough in this regard.
Two sets of tests using 4.5 cm? Nafion® 211 were designed for this aim. The first Nafion® went through 1 hour of heating at 80
°Cin 10 mL of 5% H,0; in a glass beaker covered with Al foil, whereas, the second piece went through 20 minutes of sonication in 10

S2
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mL of 5% H,0O, at room temperature in a glass beaker covered with Al foil. The 10 mL of H,O, from both tests were collected and
diluted 3 times and stored at 4 °C for later analysis (Sample 1). 10 mL of fresh solution of 5% H,O, was added to the membranes in
both tests and the same procedure was repeated for a second time and samples were collected for analysis (Sample 2). In both cases,
blanks were taken in the same manner as samples were taken, i.e. for the heating bath test, the blank sample was 10 mL of 5% H,0,
in a glass beaker covered with Al foil which was heated at 80 °C for 1 hour, and for the ultrasonic bath test, the blank sample was 10
mL of 5% H,0; in a glass beaker covered with Al foil which was sonicated for 20 minutes at room temperature.

The result of analysis using Vario TOC cube (Elementar Analysensysteme GmbH, 63505 Langenselbold, Germany) is given in
the Table S1. The limit of detection for this method is 30 pg/L. It is obvious that both approaches have similar yield of removing organic
impurities, as the membranes in both methods are left with 570 pg/L of TOC in the second step. Thus, the modified method proves to
be efficient in this regard.

Table S1. Total organic content (TOC) of Nafion® 211 undergone two different approaches to remove organic impurities.

Samples 20 min in ultrasonic bath at RT 1hin heating bath at 80 'C

1 9.36 mg/L 10.23 mg/L
2 2.37 mg/L 2.16 mg/L
Blank 1.80 mg/L 1.59 mg/L

2.3 Analysis of metallic impurities

In order to confirm the efficiency of the modified method in removing metallic impurities from Nafion® membrane, the comparison
between the conventional method and Method 5 was carried out. The common procedure for this aim is to heat the membrane to 80
°C in 0.5 M H,SO;4 solution for 3 hours. Since, Method 5 suggests 20 minutes of sonication at room temperature (RT) for this step, here
we tested if the result of these two approaches would in fact be comparable, i.e. the modified method is efficient enough in this regard.

Two sets of tests using 4.5 cm? Nafion® 211 were designed for this aim. The first Nafion® went through 3 hours of heating at 80
‘Cin 10 mL of 0.5 M H,SO, in a glass beaker covered with Al foil, whereas, the second piece went through 20 minutes of sonication in
10 mL of 0.5 M H,SO, at room temperature in a glass beaker covered with Al foil. The H>SO4 from both tests were collected and stored
at 4 °C for later analysis (Sample 1). 10 mL of fresh solution of 0.5 M H,SO,4 was added to the membranes in both tests and the same
procedure was repeated for a second time and samples were collected for analysis (Sample 2). In both cases, blanks were taken in
the same manner as samples were taken, i.e. for the heating bath test, the blank sample was 10 mL of 0.5 M H,SO, in a glass beaker
covered with Al foil which was heated at 80 “C for 3 hour, and for the ultrasonic bath test, the blank sample was 10 mL of 0.5 M H,SO,
in a glass beaker covered with Al foil which was sonicated for 20 minutes at room temperature.

Elemental analysis was carried out using Agilent Technologies 7800 ICP-MS and the result is given in Table S2. Looking at the
data, it is apparent that 20 minutes of sonication at room temperature can remove metallic impurities efficiently, since Sample 2 does
not contain significantly higher metallic impurities than the collected blank for this procedure. On the other hand, excluding B, Si and
Na which are the main components of borosilicate glasses, using high temperature results in lower metallic content in the samples
(compared to the samples in the other method). High temperature gives higher metallic contents in the blank (compared to the blank
in the other method) which could mean that (i) the sonication method is more efficient in removing the metallic contents, and (ii) the
membrane could even capture the metallic impurities at high temperature, thereby, reducing its functionality in the NRR experiments.

Furthermore, the result of the elemental analysis for B, Si and Na is reported separately in Table S3. The numbers show the
drastic difference between the two methods with regards to leaching out these elements from the beakers into the acid media. Thus,
the membrane is even more contaminated with these elements at high temperatures which can affect its conductivity for application in
NRR experiments.

Table S2. Metallic content of Nafion® 211 (except for B, Si and Na) undergone two different approaches to remove metallic impurities.

Samples 20 min in ultrasonic bath at RT 3 hin heating bath at 80 °C
1 939 ng 795 ng
2 374 ng 287 ng
Blank 346 ng 647 ng

S3



Table S3. B, Si and Na content of Nafion® 211 undergone two different approaches to remove metallic impurities.

Elements Samples Ultrasonic Bath at RT Heating Bath at 80 ‘C
B 1 50 ng 755 ng
2 34 ng 436 ng
Blank 6 ng 117 ng
Si 1 -- 1402 ng
2 130 ng 798 ng
Blank -- 302 ng
Na 1 443 ng 1331 ng
2 153 ng 1154 ng
Blank 75 ng 363 ng
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Abstract

Electrochemical reduction of dinitrogen to ammonia at ambient conditions is investigated in a
three-electrode setup, two-compartment micro-reactor flow-cell using thin film surfaces of
polycrystalline VN, CrN, NbN, and ZrN. Electrochemical techniques are used to characterize the
surfaces and study the favorable nitrogen reduction reaction and the competing hydrogen evolution
reaction. Chronoamperometry loops are used for ammonia production analysis. Accurate and
automated quantification of ammonia with the most sensitive limit of detection currently practiced
for the nitrogen reduction reaction is accomplished in a flow injection analyzer in-line with the
micro-reactor. The results show the effect of availability of N2(g) within both the electrochemical
characterization and ammonia production for ZrN. However, no ammonia is detected from studies
on CrN in N2(g) medium. VN and NbN are inactivated upon reacting their inherent N atoms of the
surface top layer(s). The overall analyses of the results obtained from ammonia measurements,
electrochemical impedance spectroscopy analysis, surface stability checks within the experiments,
and surface characterization after the experiments using X-ray reflectivity, reveal certain trends
indicating catalytic behavior for ZrN. However, the concentration of produced ammonia is below
the limit of detection of the methods devised to analyze the samples from isotope labeling
experiments. The onset of ammonia production on ZrN appears to be in close agreement with that
obtained previously by computational studies.

KEYWORDS: Nitrogen reduction reaction, ammonia electrosynthesis, transition metal nitride
thin films, ambient condition, aqueous electrolyte solution.

1. Introduction

The world’s ammonia production relies completely on the Haber-Bosch process, which has been
revolutionary for the progress of humankind. Nonetheless, the process suffers from several
disadvantages such as harsh operating conditions, high CO2 emissions, and the necessity for large-
scale implementation which has led to the existence of only a few operating plants around the
globe. In order to eliminate these obstacles and allow for a distributed and sustainable ammonia
production at a small scale under ambient conditions, researchers started to explore the
electrochemical conversion of di-nitrogen to ammonia as one of the viable alternatives [1-5].
Electrocatalysis facilitates electron transfer to the adsorbed N reactant in the catalysts’ active sites
and in this way, enables chemical reactions through direct use of electrons [6]. The choice of
electrolyte and electrocatalyst, thus, directly affects the outcome of this reaction. The electrode
materials that have been studied the most, both theoretically and experimentally, are metals [7-13],
metal compounds [14-16], single-atom catalysts [17-19], and metal-free materials [20,21]. At
ambient conditions, the choice of electrolytes is limited to aqueous electrolytes, non-aqueous
electrolytes, ion-conductive membranes, and ionic liquids, each with some advantages and
disadvantages [1-3], [22—-24]. As the final goal of nitrogen reduction reaction (NRR) studies is to
design a catalyst that can produce ammonia electrochemically from air and water, investigations
using aqueous electrolytes are generally more appealing.

Transition metal nitrides (TMNs) have been shown to be promising for various
electrochemical reactions such as oxygen reduction reaction (ORR) and hydrogen evolution
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reaction (HER) [25-29]. Furthermore, Zeinalipour-Yazdi et al. have shown high catalytic activities
for TMNs in a Haber-Bosch ammonia synthesis process under less severe operating conditions,
notably due to the facile formation of nitrogen vacancies on their surfaces [30]. In electrochemical
synthesis route, TMNs may, as well, outperform pure transition metals in favoring NRR over HER
by stabilizing surface N-vacancies and destabilizing H or O surface species. The N-vacancies in
these surfaces which push forward NRR through the Mars Van Krevelen (MvK) mechanism
instead of associative or dissociative mechanisms, makes these surfaces unique in their application
[16,31]. Comprehensive density functional theory (DFT) calculations by Abghoui et al. on TMNs
have furthermore predicted some of these nitrides to be selective to catalyze NRR via a MvK
mechanism, where the surface N atom is protonated, releasing one NH3 molecule and leaving
behind a N-vacancy. The formation of the initial ammonia molecules from the surface nitride layer
is hereafter referred to the initiation of the MvK mechanism. In the next step, an N2 molecule is
adsorbed into the surface N-vacancy which weakens and dissociates the N=N triple bond [32,33].
The nitrides that were found to follow this mechanism are in particular the (100) facets of VN,
ZrN, NbN and CrN in the rocksalt (RS) which are predicted to be stable against poisoning and
decomposition according to the assumptions made in the calculations [34,35].

There have been several reports on the experimental aspects of the electrochemical NRR
and the applications of TMNs as electrocatalysts for ammonia synthesis in aqueous media at
ambient conditions. However, accurate ammonia measurement in NRR experiments is challenging
because detection of low concentrations of aqueous ammonia is prone to false positives. Lately,
several studies have shown the importance of applying strict protocols to NRR experiments [10,
36-40]. To conduct a reliable NRR study, sensitive quantification methods must be used, and
rigorous control experiments must be performed. Ar(g) should be used as a blank media deprived
of all reactive N2(g) in the solution, and *°N; isotope labeling experiments should precisely
determine the source of ammonia. All the gases used in these experiments need to be scrubbed of
NOy, CO2, and NH3 before entering the electrolyte environment. This is particularly important for
performing an accurate isotope labeling experiment as there can be traces of ®NHsz and ®NOx in
15N, tanks. This was conveyed in a study by Dabundo et al. who analyzed the contamination of
BNH4*, ®NOs7, ®NO, and N0 in different commercial N, gas stocks from three suppliers.
The authors reported the presence of up to 1900 pmol of **N-ammonium per mole of *N; gas in
one of Sigma-Aldrich stocks [41]. This external source of labelled ammonia can readily buildup in
the volume of electrolyte under study and generate false positives. Therefore, it is imperative to
remove all contaminants from the gas before introducing it into the electrolyte chamber and collect
blank samples to make sure there are no contaminants from the gas, forming false positives in the
experiments; a fact that is, in most cases, ignored by researchers. Correct pretreatment of Nafion,
the commonly used membrane in NRR experiments, is equally important. Poor treatment processes
can easily introduce ammonia from the atmosphere into the Nafion, which can be released to the
media during NRR experiments [42].

Unfortunately, out of all experimental reports on TMNSs, none with positive results meet all
the criteria mentioned above and are therefore not discussed further in this paper. On the other
hand, Manjunatha et al. reported the instability of VN nanoparticles, and chemical and
electrochemical leaching of vanadium and nitrogen out of the catalyst structure into the acidic,
neutral, and alkaline electrolytes [43]. Hu et al. reported negative results when using MozN
nanoparticles in their experiments. Of specific importance is that they found no *®NH,* formation,
and thus, no catalysis when they purified their N gas using 50 mM sulfuric acid [44]. Du et al.
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investigated into the performances of rocksalt cubic VN and NbN as well as tetragonal NbsNs in
aqueous electrolytes with different pH values. By ensuring strict experimental conditions such as
using a sealed electrochemical setup, purification of gas through an acid-trap, and measuring
background contamination and subtracting that amount from all the subsequent samples, no
catalytic activity was reported for VN and NbN. Furthermore, VN synthesized at 600 °C in alkaline
media and NbsNs in all pH ranges were found to be unstable and produced ammonia through
leaching of inherent nitrogen atoms in the catalyst structure [45].

Although there have been numerous experimental studies on electrochemical NRR on
TMNSs, a comprehensive electrochemical study on the mechanisms of this reaction is still missing.
In the present work, we utilize different electrochemical techniques to unravel the possible
underlying mechanisms for NRR in an aqueous electrolyte at ambient conditions using four
polycrystalline TMNs in their rocksalt structure: VN, CrN, NbN, and ZrN produced as thin films
on conductive substrates. The thin films are characterized before and after each experiment via X-
ray diffraction (XRD) and X-ray reflectivity (XRR). A flow-injection analysis method is used for
ammonia detection, with a detection limit of as low as 1 ppb for a sample size of 200 uL (over an
order of magnitude more sensitive than the conventional method of Nessler’s reagent [46]), and
rigorous controls and analyses are performed to ensure robustness of results.

Out of the four TMNs tested under the experimental conditions in this study, CrN does not
produce ammonia under any circumstances. VN and NbN produce ammonia through the reaction
of nitrides of their topmost layers and thereafter undergo an inactivation phase where both the MvK
mechanism and the nitride leaching from subsurface layers stop. ZrN is shown to be the only
surface that not only does not go through inactivation but also produces ammonia with higher
reaction rates and current efficiencies at low overpotentials in N2(g) compared to Ar(g). Compared
to VN and NbN, ZrN is shown to be a more stable surface demonstrated by cyclic voltammograms
recorded at fixed intervals throughout the experiments. However, since ammonia concentrations
are below the detection limit of H-NMR (ca. 30 ppb), °N: isotope labeling experiments are not
performed to confirm the ammonia source. All surfaces, on the other hand, demonstrate distinctly
different behavior in N2 environment when compared with the Ar blank environment where a larger
double layer capacitance is observed in all cases at selected potentials demonstrating a stronger
adsorption of the species that can be explained by N2 adsorption to the surfaces. Moreover, these
experimental results are compared with our previously published DFT results. Further analysis of
the theoretical results done in this study explains why CrN does not produce ammonia and why
ZrN shows the best performance among other catalysts. The onset of ammonia production on ZrN
is also in close agreement with theoretical predictions. This study, therefore, sheds more light on
the catalytic behavior of the TMN surfaces studied, and can be used for further surface and
environment engineering and development towards a stable and active catalytic reactor system.

2. Experimental

2.1. Deposition of thin film surfaces and characterization
Thin films of CrN, VN, NbN and ZrN are deposited using reactive dc magnetron sputtering
in a modified high-vacuum Polytechnic Discovery E500 deposition system. 4 diameter
targets of Cr (99.95%), V (99.9%), Nb (99.95%) and Zr (99.7%) are used, and the substrates
are 4” (100 mm) diameter, low-resistivity Si wafers (< 0.02 Ohm cm). The target-substrate
distance is approximately 11 cm and the angle between the target and substrate normals is
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60°. The substrate temperature is 200 °C and controlled using a radiative heater and an
Omega OS100 series IR temperature sensor which is calibrated with a K-type thermocouple
prior to deposition. The total pressure during deposition is in the range 3.2x10° mbar to
3.7x107 mbar with a 99.999% purity Ar flow of 17-25 sccm and 99.999% pure N2 flow in
the range 2.0-10.0 sccm, depending on the nitride system. The reader is referred to Table
S4 in the Sl for the details of the growth process for each surface. The base pressure of the
system prior to deposition is below 2x10° mbar. After deposition, the wafers are diced to
appropriate sizes using a diamond cutting saw. The film thickness, density and roughness
is characterized after growth by X-ray reflectivity (XRR) and the crystal structure and
morphology are studied using grazing incidence X-ray diffraction (GIXRD), both using a
Panalytical X Pert MRD system. XRR is carried out with a Goebel mirror on the incident
side (1/32° slit and a Soller slit) and a 0.27° collimator and a collimator slit on the diffracted
side. XRD measurements are carried out in a grazing incidence geometry with a fixed
incident angle of @ = 1°, an incident slit of ¥4° and the collimator slit is removed. XRR
shows that the films are relatively smooth (rms surface roughnesses of 1.3-2.2 nm) and
exhibit densities close to the expected bulk densities of the respective nitride, as found by
fitting the data using the GenX software for reflectivity [47]. A representative XRR curve
including the fit is shown in the inset of Figure S11(a) in the SI. The fitting results for all of
the samples are summarized in Table 1. The structure is in all cases polycrystalline, as
revealed by the grazing incidence XRD measurements shown in Figure 1. All allowed
diffraction peaks are observed, with positions matching their rocksalt structure as given by
the following ICDD Reference Patterns, CrN(00-011-0065), VN(00-035-0768), NbN(01-
089-5007), and ZrN(00-035-0753).

Table 1. Density, thickness and root mean squared surface roughness, as determined by fitting XRR data, as well as the observed
lattice parameter based on the XRD measurements for the pristine TMN films.

TMN Films Density/  Thickness/ Roughness/ 20 - (111) 20 - (200) 20 - (220) alA

gcm® nm nm peak /° peak /° peak /°
CrN 6.2 55 1.3 38.75 44.10 64.80 4.06396
VN 5.7 67 1.5 37.86 43.98 63.95 411354
NbN 8.1 100 1.3 35.65 40.86 59.96 437731
ZrN 7.1 83 1.7 33.87 39.36 56.85 4.57733

X-ray photoelectron spectroscopy (XPS) is used to study chemical bonding and the
film composition of ZrN coatings prior to and after electrochemical testing. The
measurements are conducted using an Ulvac-Phi Quantera Il XPS microprobe (USA,
Chanhassen Minnesota) with monochromatic Al Ka radiation. Measurements are conducted
using a spot size of 100 um and settings giving a line width of 0.7 eV. Sputter depth profiles
are obtained using 500 eV Ar* ions rastered on an area of 1 x 1 mm?, in 30 steps of 1 min.
Calibration of etch rate with a sample of known thickness gives a rate of 1.6 nm/min and
thus a total depth for the profiles of 48 nm. Chemical composition is obtained using custom
sensitivity factors derived from reference measurements using Elastic Recoil Detection
Analysis (ERDA). Selected Zr 3d spectra are analyzed with peak fitting using the software
XPS peak, to separate different chemical states of Zr [48]. Contributions are fitted with
Voight functions (20% Lorentzian), symmetric for oxide contributions and asymmetric
(fixed parameters) for nitride and oxynitride contributions. A representative depth profile
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and peak fittings at the surface and below the surface oxide is given in Figure S11(a) in the
Sl
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Figure 1. Grazing incidence X-ray diffraction (GIXRD) measurements on the pristine TMN films. All films are polycrystalline with
a rocksalt crystal structure.

2.2.  Electrochemical procedure

All electrochemical studies are performed according to the protocol illustrated in Figure 2. The
experiments are performed in a setup in-line with ammonia measurement unit without any manual
handling of the samples. This combination of electrochemical experiments and analysis method
significantly reduces any type of possible external contamination to the samples (Figure S2). The
electrolyte used in the study is 0.1 M potassium hydroxide (KOH, Merck, >85%). Before starting
any electrochemical experiments, the electrolyte is deprived of solvated gases such as oxygen and
nitrogen by purging with Ar(g) (HiQ® Argon 5.0, Linde) for 1 h. Prior to entering the electrolyte
container, the gas is first passed through a container of 0.05 M H>SO4 and next ultrapure water
(MilliQ®, Grade 1) to remove any possible traces of NOx, CO,, and NHs. The Ar saturated
electrolyte is collected into two 50 mL gas-tight syringes (Model 1050 TLL, Hamilton®, USA)
which are used to feed the electrochemical system. The thin-film catalysts are used in a three-
electrode electrochemical flow-cell reactor (u-PrepCellTM, Antec Scientific, Netherlands,
Zoeterwoude). The commercial reactor is a one-compartment design. However, for the specific
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aim of this study, the design is modified to allow for two compartments for the working and the
counter electrode separated by a Nafion membrane. The commercial counter electrode, Tig) IS
coated with Pt on top of a Ta adhesive layer. The commercial Pd/H; reference electrode is not used
since it is a pH dependent electrode. Instead, a holder is designed to allow for Ag/AgClI (3 M KCI)
reference electrode to be mounted on the counter electrode block. All potentials in this work are
referenced against the reversible hydrogen electrode (RHE). The experimental potential values are
converted from Ag/AgCl to RHE scale using the formula: E(RHE) = E(Ag/AgCl) + 0.059 x pH +
0.21. Nafion 211 is used as the proton exchange membrane separating the working and the counter
compartment. The pretreatment of Nafion 211 is carried out using a modified method [42]. The
procedure involves i) 10 minutes of sonication of Nafion in 5% H.O> to remove the organic
impurities, ii) 10 minutes of sonication in DI-water, iii) 10 minutes of sonication in 0.5 M H2SO4
to remove the metallic impurities, iv) 10 minutes of sonication in DI-water, v) more than 12 h in
Dl-water at 80 °C for expansion, and vi) sonication in 0.05 M H2SO4 and DI-water right before
application in the electrochemical setup. The electrochemical flow-cell design is described in detail
in Figure S1 in the Supplementary Information (SI). The catalysts are the working electrodes in the
electrochemical system whose potentials are controlled using a Gamry potentiostat, Reference
1010E (Gamry Instruments, Warminster, PA 18974 USA).

g external inati . -
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* Correct treatment of membrane
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* Flow-cell micro-reactor
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Figure 2. Procedures pursued for the NRR studies in this work which ensures reliable and
reproducible data.

Once the setup is assembled, a constant flow of electrolyte (20 pL/min) is sent through each
compartment using a dual syringe pump (KD Scientific, Inc., Legato 100, Massachusetts 01746-
1388 USA). In the experiments where the aim is to quantify ammonia, the gas of interest, either N>
(HiQ® Nitrogen 5.0, Linde) or Atr, is introduced to the working compartment after passing through
two scrubbing units and a “T” junction where it is mixed with the electrolyte. The fluid (gas and
electrolyte combined) leaving the working compartment of the cell is collected in 100 pl of 0.5 M
H>SO4 used as an acid-trap and the resulting solution is collected, using a syringe pump, in a 200
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pL sample loop to be analyzed in the ammonia measurement unit. In the experiments where the
aim is to study the electrical behavior of the catalyst using dynamic electrochemical impedance
spectroscopy (DEIS), the electrolyte is saturated with the gas of interest and sent through the
electrochemical system without the introduction of gas directly over the working electrode. This is
done due to the large perturbation caused by the gas flow which would disrupt data interpretation.
We show in the SI a comparison between Nyquist plots with and without gas bubbles in the system,
demonstrating that the same trend is maintained, and the resistances and capacitances are measured
within the same order of magnitude (Figure S7).

At the beginning of all experiments, background ammonia is measured until low and equal-
sized peaks emerge. This is taken as the background level and consequently subtracted from all the
rest of the peaks measured during the electrochemical sequence. In the beginning of the sequence,
the open circuit potential (OCP) is recorded until reaching a stable value. Cyclic voltammetry (CV)
with a scan rate of 100 mV/s and linear sweep voltammetry (LSV) with a scan rate of 10 mV/s are
recorded in the potential window between OCP and a negative applied potential in the faradaic
zone for all the surfaces. Figure 3 shows the overlay of LSV in Ar and N2 media. To quantify
ammonia and calculate the reaction rate (RR) and current efficiency (CE), the chronoamperometry
technique is utilized. Based on the LSV profiles on each surface, four different potentials (E1, E2,
E3, and E4) are selected to be used in a chronoamperometry loop. The loop consists of 10 s of
applied potential and 10 s of resting potential (recording the OCP). The loop is maintained for 2100
s which is the duration needed to measure three consecutive samples in the in-line ammonia
measurement unit. Since the OCP values in all the systems are positive values ranging from 0.6 —
0.8 V, these values are used in the chronoamperometry loop to desorb the adsorbed cation species
which could possibly block the active sites on the catalyst and hinder N2 adsorption (Figure S16).
The effectiveness of this method has been shown for ZrN as an example (Figure S17) where the
ammonia production is maintained for 2 hours when the potential is cycled in a loop compared to
when the same potential is held constant. In the latter case, ammonia production has a decreasing
trend with time and comes to a complete halt after around 40 minutes. The reader can refer to
Figure S18 for an example of a potential and current density graphs as a function of time recorded
in a chronoamperometry loop for ZrN. Once the study at each potential is completed and before
the next potential is applied on the same surface, two CV cycles are collected to monitor the status
of the catalyst after going through each specific applied potential. These CV cycles are also used
to study the stability of the catalyst during the whole electrochemical study in both N2 and Ar
environment. The samples collected into the acid trap are then sent for ammonia analysis as
described in the next section and schematically shown in Figure S2. The whole process from
ammonia production inside the micro-reactor to ammonia measurement is conducted in a closed,
in-line system.

For a more detailed study of the electrical behavior of the surfaces in different gas
environments, DEIS is carried out on each surface in Ar and N2 at four potential ranges: (1) at
OCP, (2) in the capacitive zone, (3) at onset potential (OP), and (4) in the faradaic zone. The
amplitude is set at 10 mV rms and 10 points are collected per decade in a frequency range of
100,000 Hz to 0.1 Hz. The DEIS spectra are fitted using the Z-View® Software (Scribner
Associates) and equivalent electrical circuits are fitted to determine the corresponding resistances,
capacitances, inductors, etc. Each fitting is done by starting with a typical Randles circuit which is
then modified to obtain the best fit to the data.
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2.3. Ammonia Quantification

Ammonia quantification is done using a method described in our previous work [42]. The fluid
leaving the working compartment of the cell is collected into an acid trap, a vial containing 100 pl
of 0.5 M H»S0Os, and the resulting solution is collected, using an automated syringe pump, and
inserted into a 200 pL sample loop in the Flow Injection Analysis® system (FIAlab-3500b, FIAlab
Instruments Inc. Bellevue, WA 98007 USA) [49]. The sample is reacted with Ortho-
phthalaldehyde (OPA) to make an NHs3-OPA fluorescent product to be detected in a
photomultiplier tube (PMT) with a fluorometric detection (excitation at 370 nm, detection at 425
nm). This method has the most sensitive limit of detection (down to 1 ppb) compared to the
commonly used methods. The electrolyte is always contained in a gas tight environment, never
exposed to atmosphere, or handled in any manner. This minimizes any external sources of
contamination to the samples. A full description of the method is included in the SI.

3. Results

3.1. Electrochemical characterization

Figure 3 shows the linear sweep voltammograms of the four TMNs in Ar vs. N2 media. CrN is
removed from all the comparisons here since it does not produce ammonia in the N2 reactive gas
media. The reader is referred to Figures S4 and S5 regarding the CV and ammonia measurements
for CrN. As discussed in section 2.2, gas is introduced into the working compartment of the micro-
reactor with the electrolyte. This is done to assure sufficient access of the N-vacancies to N> for a
higher chance of regeneration. The gas flow over the surface of the catalyst causes a perturbation
in the system which generates noise in the current-potential curves. However, the general trend of
these curves is not lost, and it is possible to observe the system response differences with and
without the reactive gas (N2 and Ar, respectively). Figure S6 shows the comparison of LSV curves
in both cases of introducing the gas directly over the surfaces on one hand and using electrolyte
saturated with the gas on the other hand. Current density is generally higher when the electrolyte
is saturated with the gas. We explain this by the fact that when the surface is exposed to gas
saturated electrolyte, the full area of the electrode is in contact with the electrolyte, while the
gaseous environment reduces the exposed surface area at each moment as bubbles are partially
filling the cathodic chamber. Furthermore, when electrolytes are saturated with gas, LSV in Ar(aq)
and N2(aq) are almost overlapped with a slight shift in the OCP and OP in all the cases. NbN shows
a less negative OP in N2(aqg) vs Ar(aqg), while VN and ZrN show a more negative OP in N2(aq)
(Figure S6). On the other hand, when gases are introduced directly over the surfaces, VN does not
show any outstanding difference in the two media. The OP is not shifted and the current density
vs. applied potential does not change drastically between Ar(g) and N2(g). However, NbN and ZrN
show an evident difference between N2 and Ar. The differences when comparing Ar(g) over N2(g)
environment are observed in i) more positive OCP, ii) more negative OP, and iii) lower current
density.
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Figure 3. Comparison of linear sweep voltammetry (LSV) in Ar vs. N2 on TiN, VN, NbN, and ZrN starting from the measured OCP
in each case. Note that the noise on these curves is due to the perturbation caused by the introduction of the gas together with the
electrolyte directly over the surfaces. Figure S6 shows a comparison of the LSV curves with and without direct bubbling of Ar and
N2 gasses over the surfaces.

Table 2 presents the Tafel slope values for each catalyst both in Ar(ag) and N2(aq), and in
Ar(g) and N2(g). The catalysts under study all present a higher Tafel slope value in Ar(aq) vs.
N2(aq) environment. Considering the physical-chemical meaning of the Tafel slopes, as the energy
required (potential) to increase the current by a factor of 10 and initiate the faradaic process, the
larger this value, the more difficult it is to initiate this process [50]. As the predominant
electrochemical reaction occurring in Ar is HER after the formation of the initial ammonia
molecules from the surface nitride layer, it is possible to infer that the decrease in the Tafel slope
when N is added to the system is due to an additional available reaction (NRR). The fact that N>
molecules can inhibit the HER can also be attributed to the diffusional mass transport and
adsorption of N2 onto the surface. This selectivity towards NRR over HER is clearly seen for ZrN,
but the similarity of the slope values for VN and NbN (difference of around 10-20 mV/decade)
shows less of a competition between HER and NRR. VN presents the lowest Tafel slope in Ar(aq)
of the four nitrides (ca. 139 mV per decade). This value indicates a common Volmer rate-
determining step in such conditions [51]. The other two nitrides presented here, have a Tafel slope
over 200 mV per decade in Ar(aqg), demonstrating a greater energy demand for HER on these
surfaces in comparison with the VN surface.

Table 2. Tafel slopes in Ar and N2 environments. The slopes are calculated based on LSV curves collected for electrolyte saturated
with Ar and N2 gas, denoted as Ar(aq) and N2(aq) and for electrolyte directly bubbled with the gasses, denoted as Ar(g) and N2(g).

Tafel slopes + 2 / mV decade™

Surfaces Ar(aq) Ar(g) Nz(aq) N2(g)
VN 139 324 129 248
NbN 208 227 189 302
ZrN 271 310 193 232

The trend in the Tafel slopes changes when the access to the gas is increased, i.e., Ar(Q)
and N2(g). The general trend is that these values are larger compared to those recorded in agqueous
media which is an indication of the difficulty of initiating the faradaic processes when gasses are
directly bubbled over the surfaces. This might be due to turbulence imposed on the system which
affects the availability of the reactants close to the electrode surface, thus, not allowing the effective
electron transfer to occur, as well as less surface area active at each moment. We will not
quantitatively compare the values between the two environments (aq) vs. (g) for this reason but
focus on different trends observed in Ar vs. Nz, that is Ar(g) vs. N2(g) or Ar(aq) vs. N2(aq).
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In Ar(g) media, where HER is the predominant reaction to take place, NbN has the lowest
Tafel slope, meaning that this reaction is more favored on this surface compared to the rest of the
surfaces. In N2(g), however, where there is the possibility of NRR in addition to HER, NbN shows
the highest Tafel slope of all, meaning that these two faradaic processes are less favored on NbN
compared to the rest of the surfaces. Thus, addition of N2(g) to the system seems to inhibit the HER
process to a great extent as the Tafel slope in N2(g) is higher than that of Ar(g). However, the less
negative OP in N2(g) vs. Ar(g) on this surface might as well indicate that NRR is still competitive
within the potential range between OP in N2(g) and OP in Ar(g). In Ar(g), the other two nitrides
are equally bad for HER as they have relatively high Tafel slopes in this medium. However, the
decreased value of the Tafel slope in N2(g) compared to Ar(g) indicates an increasing current
density due to NRR on ZrN and VN. Qualitatively, these two surfaces are the only surfaces that
yield lower Tafel slopes in both N2(g) vs. Ar(g) and N2(aq) vs. Ar(aq).

3.2.  Ammonia synthesis and measurement

Based on the LSVs, four potentials are individually selected for each surface to be applied in
chronoamperometry loops for ammonia catalysis studies. These potentials cover a range from the
capacitive region to the faradaic zone. The exact procedure of the chronoamperometric technique
is provided in the experimental section. Table 3 shows the selected potentials for each surface.

Table 3. Potentials used in the chronoamperometry loop for ammonia quantification. Chronoamperometry loop consists of two

steps: (1) applying cathodic potential (E1, E2, E3, or E4) for 10 s, and (2) recording OCP for 10 s. The loop is programmed to
continue for as long as three consecutive peaks are measured using the in-line ammonia quantification method.

Surfaces EL(V) E2(V) E3(V) E4(V)

CrN -0.5 -0.6 -0.7 -0.8
VN -0.2 -0.4 -0.6 -0.8
NbN -0.2 -0.4 -0.6 -0.8
ZrN -0.6 -0.8 -1 -1.2

Figure 4a shows the ammonia production on all the surfaces during the whole electrochemical
(EC) studies. Initial EC characterizations of each surface include CV recorded in various potential
windows from OCP to the faradaic region, LSV, differential pulse voltammetry (DPV), and EIS.
E1 to E4 refers to the chronoamperometry loops recorded at potentials E1 to E4 according to Table
3. The data used to generate this figure is available in Table S1. For all the surfaces, the experiments
in N2(g) and Ar(g) are repeated at least three times. Results reveal that CrN does not produce
ammonia at any stage of the electrochemical characterization and chronoamperometry loops. The
surface is regarded as being quite stable under the operating conditions of the study and therefore,
not undergoing the initial stage of the MvK mechanism, which is the reacting of the surface nitrides
to produce ammonia. Due to this fact, no Ar blank test is performed on this surface. VN produces
equal amounts of ammonia in N2(g) and Ar(g) within the measurement error during the initial
electrochemical characterization, and does not produce ammonia at E1, E2, E3, and E4. This is as
explained more in the discussion section, due to surface inactivation for NRR upon reacting the N
atoms in the surface top layer(s). NbN also produces same amounts of ammonia in Ar(g) and N2(g)
within the error range during the initial characterization phase and in the chronoamperometry loops
at E1-E4 potentials. The low amounts of ammonia production at E1-E4 potentials indicates a slight
leaching of the surface-bound nitride in cases where it was not formed during the initial
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characterization step. In the case of ZrN, equal amounts of ammonia are produced within the initial
electrochemical characterization which is, as for the cases of VN and NbN, due to reacting the N
atoms in the first 2 — 3 monolayers of the catalyst. Monolayer calculations are provided in section
4 of the SI. Thereafter, ammonia is detected at all the tested potentials of the chronoamperometry
loops under N2(g) environment. Ammonia formation under the same conditions in Ar(g) is missing
at potentials E1 and E2 which indicates that NRR is being catalyzed at low applied potentials in
the N2(g) environment. However, due to surface decomposition at E3 and E4, ammonia starts to
form.
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Figure 4. Comparison of (a) ammonia molecules production in the whole electrochemical (EC) studies, b) reaction rate (RR) of
ammonia formation on NbN and ZrN, and (b) current efficiency (CE) towards ammonia on NbN and ZrN as a function of applied
potential in the chronoamperometry loops (see Table 3) in both N2(g) reactive medium (black columns) and Ar(g) blank medium
(green columns). Limit of detection for the reaction rate is plotted in dotted magenta line.
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Figures 4b and 4c demonstrate RR and CE for NbN and ZrN in the chronoamperometry loops.
The reader is referred to the Sl, section 3, for details of the calculations. Although NbN produces
ammonia in the loops, the RR and CE associated to these productions are not significantly higher
than zero, accounting for the error bars. Therefore, the only surface to produce ammonia in this
study is considered to be ZrN. The maximum RR is 2.53x10%2 + 0.6x10*2 mol cm™? s for ZrN at
E4 (-1.2 V) corresponding to a concentration of 114 + 43 ppb in a 200 uL sample volume, while
the maximum CE is 1.30 = 0.59 % at E1 (-0.6 V) corresponding to a concentration of 20 £ 5 ppb
in a 200 uL sample volume. On ZrN, increasing the cathodic potential from E1 to E4 in N
environment increases the RR towards NRR but reduces the CE. We attribute that to the increasing
charge transfers towards HER which predominates the increasing charge transfer towards NRR.
The rate of CE decrease in N2 is more drastic than the rate of CE increase in Ar (from 1.30% to
0.11% in N2 vs. 0% to 0.09% in Ar). In the Ar(g) environment, CE towards NRR increases at E3,
and at E4 it is similar to the CE in N2(g) environment. It is therefore clear that ammonia production
at these two potentials in N is partially (E3) and completely (E4) non-catalytic, whereas, at E1 and
E2 the production appears to be catalytic. Again, as we discuss further below, the concentration of
the produced ammonia at these two potentials is not high enough to be detected in the isotope
labeling experiment.

3.3.  Dynamic electrochemical impedance spectroscopy

DEIS analysis is performed on all the surfaces in Ar vs. N2 to study the electrical behavior of the
catalysts more profoundly according to their individual voltammetric responses as observed from
their respective LSVs. As discussed in section 2.2, this study is conducted by saturating the
electrolyte with the selected gases, N2 or Ar. When comparing the LSVs in Figures 3 and 5 (also
shown in Figure S6 for comparison), VN shows no significant difference between Ar and No,
independent of the availability of N2(g) reactant (saturated electrolyte vs. gas introduction). NbN
and ZrN show a relatively overlapping LSVs for Ar(aq) and N2(aq) saturated electrolytes, while
the behavior when exposed to excessive N2(g) shows an earlier onset in N2(g). Since there is no
way to interpret DEIS data due to the perturbation caused by bubbling the gas directly into the
working compartment, gas saturated electrolytes are used. The reader is referred to Figure S7 to
observe the trends in the Nyquist plots with and without the direct bubbling over the surfaces.

The Nyquist plots in Figure 5 demonstrate that the TMN surfaces tend to have lower
impedance values when exposed to Ar environment. This can be inferred through the semicircles
that close at lower Z-real values in most cases in Ar compared to that in N2. This effect can be
observed more clearly at more negative potentials due to the high polarization of the
electrocatalysts which forces the diffusion of electroactive species present in the solution, and, for
instance, the redox reactions to occur. Semicircles in the Nyquist plots indicate a contribution from
the parallel combination of charge transfer resistance (Rct) and the frequency independent
capacitance (C), or in this case, constant phase element (CPE) for a more accurate fitting. CPEs
convey the formation of the electrical double layer (EDL) at the surface that is related to the
adsorption phenomena. Therefore, it is expected that at more negative potentials, protons are easily
adsorbed in the EDL and reduced to hydrogen gas, generating a first lower Rct value, as observed
in Figure 5. From both Bode plots (Figures S8 and S9) and Nyquist plots (Figure 5), we conclude
that CPE is due to interfacial capacitance and R is a result of the charge movement through
junctions between the atoms of the catalysts.
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The Nyquist plots for VN in N2(aq) show a more pronounced larger semi-circle, and thus,
larger capacitance and resistance, when compared to Ar(aq) moving to more negative potentials
(Retr and CPE1 T values for VN in Tables S2 and S3). As this is a direct outcome of accumulating
more species in the EDL, it is inferred that N2 is indeed adsorbed to the surface when it is saturated
in the electrolyte [52]. At E3 and E4 in N2(aq) vs. Ar(aq), the phase shift diagram (Figure S9)
shows a shift to lower angles at low frequencies. We attribute this to an increase in the capacitance
which could be due to the adsorption of N2 in the electrochemical double layer region.

In the case of NbN, negative phase shift responses at the highest frequencies with lower
impedance than that of the electrolyte are observed indicating surface instability (Figure S9)
[53,54]. The Nyquist in Ar(aq) at E3 and E4 shows a coil, and the best equivalent circuit includes
an inductor in parallel to a resistor which is an indication of the HER. A shift in the phase difference
towards a lower angle in the phase angle plot (Figure S9) is observed at OP in N2 environment.
This is an indication of an increase in the capacitive behavior which might be attributed to the
existence of N2 molecules adsorbed in the double layer.
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Figure 5. LSV and Nyquist plots for VN, NbN, and ZrN. The Nyquist plots are the result of the DEIS study performed at open
circuit potential (OCP), capacitive zone, onset potential (OP), and faradaic zone.

ZrN shows a distinct difference between Ar(ag) and N2(ag) media in the capacitive zone
and at OP. In these two regions it is believed that nitrogen is being adsorbed to the surface. In the
faradaic zone, a coil is observed in the Nyquist plot in both environments. This is a feature
attributed to the HER and the formation of an inductor in parallel to a resistor is confirmed by the
circuit model accurate fit (Figure S10 and Tables S2 and S3). Considering these observations, it is
clear that the Tafel slopes presented in Table 2 in Ar(agq) and N2(aq) are in agreement with the
DEIS results for all three TMN surfaces.
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Finally, to compare the N2(g) and N2(aq) environments (Figure S7), it is clear that for NbN
no difference is observed between minimal and excess of the reactant gas, while for VN, both the
resistivity and capacitance of the first charge transfer closest to the surface is substantially
decreased, indicating that a reaction occurs more easily. This is in agreement with the difference
in LSV where an earlier onset potential is observed, even though the Tafel slope is higher with the
N2(g) environment. For ZrN on the other hand the resistivity and capacitance of the comparable
charge transfer are significantly increased in N2(g) media, indicating that the reaction is inhibited.
This is again in agreement with the LSV, where a later OP is observed. The system impedance does
not drastically change upon introduction of gaseous N2 and the agreement with the LSVs
demonstrates that this can be used as a reference point on the system differences between dissolved
or gaseous reactants.

3.4. Catalyst stability check

As mentioned in the experimental section, stability of the surfaces during each experiment is
studied by collecting two CV curves in a fixed potential range. Hereafter, we call these “CV
checks”. CV checks are run after each chronoamperometry loop, before starting the next loop, to
observe the possible changes enforced on the surface. Figure 6a shows the overlay of these CV
checks for the surfaces in Ar(g) and N2(g). In order to make it easier for the reader to follow these
changes, the total charge associated with each CV was calculated by integrating the surface area
under the forward and the backward scan. This is shown in Figure 6b.

In Figure 6a, VN appears to have a relatively stable CV after application of E1 and E2 (CV
check 2 and 3) in Ar(g). After E3, a drastic decrease in current density and capacitance is observed.
At this point, surface reconstruction during HER may have slowed down the HER on the surface.
The same behavior is observed in N2(g) environment, however, reduced current density only
happens after application of E4. Although no ammonia is detected at any of these applied potentials,
the CV cycles indicate a better stability of the surface in the presence of N2(g).

In the case of NbN in both Ar and N2 media, there is a decreasing trend in the maximum
current densities achieved in the CV checks throughout the experiments. The CVs in Ar show a
sudden decrease in total charge after application of E1, whereas, in N2 medium, this drastic change
is observed after application of E3. Therefore, it is possible to presume that surface stability is
improved when N2(g) is present in the environment. After application of E3 and E4, the surfaces
end up showing similar CVs with relatively the same total charges independent of the gas
environment.

ZrN in Ar shows a slight decrease in current density after applying E1 and E2. As seen in
Figure 4, there is also no ammonia production at these two potentials. After application of faradaic
potentials of E3 and E4, a significant increase and a subsequent decrease in the faradaic current
density is observed, respectively. The changes observed in the CVs in N2 have a similar trend while
being less significant when compared with the observed changes in Ar, with the only difference
being that the current density slightly increases after E1 and E2.
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Figure 6. (a) Stability check throughout the experiments by means of cyclic voltammograms taken within fixed intervals between
the chronoamperometry loops. The first cycle in each case, CV check 1, is taken before starting the first chronoamperometry loop
at E1, and CV check 5 is taken after the last chronoamperometry loop at E4. (b) Total charge in the CVs shown in (a) for each
surface in Ar (green circles) vs. N2 (black diamonds).

The surfaces after the experiments are studied in more detail by XRD and XRR analysis
(Figure S13). In all cases, the XRD measurements show no significant change in the crystal
structure of the films compared to their pristine form. XRR is used to probe changes in the density
profile of the films, from which we can extract the total film thickness, the thickness of possible
surface (oxide) layers as well as the surface roughness. This data which is summarized in Table S5
shows no changes in the total film thicknesses within the experimental and equipment errors. XPS
depth profiles were collected on a ZrN film for comparison with the XRR results, as shown in
Figure S12 of the SI. Good agreement was found between the surface oxide thickness measured
from both methods which allows us to rely on only XRR analysis for the surface characterization
of all the nitrides.

4. Discussion; DFT vs. Experiment

From kinetics perspective, Abghoui et al. predicted that the first step associated with decomposition
of transition metal nitride surfaces should benefit from higher activation free energies of a surface
vacancy migration into the bulk than for N2 adsorption to the N-vacancy that can slow this process
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down at ambient conditions in a way that catalyst regeneration occur faster than decomposition
[34]. There it was concluded that the RS(100) surfaces of ZrN, NbN, VN and CrN should all be
able to regenerate the N-vacancies rather than decomposing. However, for the RS(111) facets, ZrN
and NbN were predicted to regenerate the N-vacancies whereas VN and CrN were predicted to
decompose, and the RS(110) facets of all these TMNs turned out to be not promising for NRR with
regards to activity, selectivity, and stability [55]. This of course depends to great extent on the
accessibility of the surface to nitrogen for fast enough regeneration, a phenomenon that can be
under influence of the lack of N, availability in the electrolyte and probable reorientation of the
surface structure causing special hindrance for N2 to approach the vacant site. These two limitations
can be solved by engineering the surface (to be more stable under operating conditions) and the
setup (to provide more N2 access to the surface), and they are the scope of our future work. In the
following discussion we will connect the predicted OP and stability from DFT simulations with
the observed trends in the experiments.

According to the prediction by Abghoui et al., all facets of VN except RS(100) were
predicted to show a faster migration than replenishment of the N-vacancies, i.e. decomposing
[34,55]. Furthermore, production of ammonia with high CE over this facet was predicted to only
need a bias of -0.5 V. However, between -0.67 to -0.85 V, both the RS(111) and RS(110) facets
were predicted unstable and to decompose [55,56]. It was further suggested that in order for a
polycrystalline surface not to decompose, the bias should not exceed -0.5 V [34]. However,
ammonia production in practice is only observed during the initial electrochemical characterization
of the films independent of the presence or absence of the reactive gas, N2(g), in the environment.
The total ammonia obtained using VN surfaces is in all cases equivalent to a case wherein the
inherent nitrides in the 2-3 top layers of the catalyst surface leach out of their structure and react to
form ammonia. This scenario may indicate either an initiation of a MvK mechanism or an onset of
surface decomposition. However, neither of these two are observed during the chronoamperometry
loops. Therefore, ammonia production on VN seems to be sourced from the surface nitride layer
after which point the surface becomes inactive and ammonia synthesis comes to a halt. This result
is in-line with the previous experimental results wherein polycrystalline VN was found to be
electrochemically inactive towards NRR in aqueous media [45].

DFT calculations for NbN showed that both RS(100) and RS(111) facets were stable
against decomposition, predicting a well-maintained ammonia production cycle. However, the
activation energy of regeneration process (1.7 eV) for the RS(110) of NbN was found to be higher
than activation energy of decomposition (0.8 eV). This means that decomposition happens at much
higher rate compared to regeneration, and thus this facet might contribute to some instabilities
observed in the experiments. It was predicted that the RS(100) and (111) facets of NbN would
catalyze the NRR with high CE at -0.65 V and -1.12 V, respectively [34], but the RS(110) at
relatively higher potential of -1.5 V but with lower CE as this facet is expected to contribute to
both ammonia and hydrogen synthesis [55]. Experiments on this film cannot define a clear OP as
ammonia production in N2(g) environment is on the verge of falling below the limit of detection.
Moreover, the total ammonia production in the whole electrochemical experiments equals to
ammonia production from the 2 — 3 top layers of this surface. The same performance of the surface
in Ar(g) environment indicates an open pathway for surface decomposition through N-leaching at
all tested potentials which is independent of the presence of N2(g) in the gas environment. Like VN
surface, NbN also renders inactive upon releasing the N atoms in its first monolayers in which case
even leaching of surface bound nitrides is prevented. This result is again in agreement with previous
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experimental results of Du et al. where polycrystalline NbN was proved to be inactive towards
NRR in aqueous media [45].

Polycrystalline ZrN was shown theoretically to be one of the most stable candidates against
decomposition. Rocksalt (100), (111), and (110) of ZrN were predicted theoretically to catalyze
ammonia production with high to medium CE at -0.76 V, -1.42 V, and -1.45 V, respectively
[34,55]. The fact that the total film thickness during Ar and N2 experiments is not changed (Table
S5) shows that ZrN has acceptable stability. At -0.6 V and -0.8 V, ammonia production is only
seen in N2(g) but not in Ar(g) with a maximum current efficiency of 1.30% + 0.59% at the OP (-
0.6 V) which means that no decomposition takes place at these potentials. Unfortunately, as it is
discussed above and in section 9 of the SI, the concentrations of ammonia produced at these
potentials (-0.6 V and -0.8 V) are too low to be detectable with our current isotope labeling
experiment measurement setup.

Furthermore, analysis of experimental thermochemical data done by Abghoui et al. shows
that VN, NbN, and CrN may thermodynamically decompose to their parent metal because their
decomposition potential is less negative than their NRR onset potential [32]. However, ZrN was
the only nitride that not only had the decomposition potential more negative than its NRR onset
potential but also its vacancy migration barrier was much higher than that of CrN, VN, and NbN
and thus should be stable enough under operating conditions. This prediction is now observed in
this experimental study where ZrN is the only surface demonstrating stability in both Ar and N2
solutions at the NRR active potentials.

In the theoretical studies as shown in Figure S16, the free energies of adsorbing H*, OH"
and O? are calculated and demonstrated relative to N, showing that there is no potential window
for CrN at which the active site becomes available for N2 adsorption and surface regeneration. This
can suggest the observed experimental results of no NHs formation on CrN. For other nitrides,
there is a potential window for both the (100) and the (111) facets where none of those species are
present, and this determines the importance of resting potential in order to regenerate the active
sites. This is further observed in the experiments demonstrating higher capacitance in the N>
environment, due to more adsorbed species, and an earlier onset potential for HER in the Ar
environment as observed from LSV, both for NbN and ZrN but not for VN. Based on the theoretical
OP values on Figure S16, one could presume that the initial ammonia formation on ZrN and NbN
is due to the release of N atoms from the (100) facet. VN, on the other hand, has all three facets
available.

In the end of these discussions, we summarize the results obtained in the overall work in
Table 5. Interestingly, it is seen that it is not enough to rely on a single analysis to draw conclusions
about the performance of the surfaces as the positive or negative results from each of these analyses
do not always agree with each other. Rather, it is wise to make use of various techniques to gain
insight into the catalytic behavior of the surfaces.
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Table 4. Summary of the results obtained in this study. The overall performance of the surfaces is compared in Ar vs. N2 media.
The green boxes show a favorable performance achieved in the specific category by the specific surface. OCP stands for open

circuit potential, OP, onset potential, j is the current density.

VN

NbN

ZrN

LSV - Figure 3

Tafel Slopes — Table 2

Ammonia production
in chronoamperometry
loops - Figure 4a

DEIS analysis — Figures

Ar(g) ~ N2(g)

Ar(g) >> N2(g)

Ar(g) = N2(g)

Capacitance:
Ar(g) < N2(g)

OCP: Ar(g) >> N2(g)
OP: Ar(g) < N2(g)
J: Ar(g) < N2(9)

Ar(g) <<<N2(g)

Ar(g) > N2(g)

Capacitance:
Ar(g) < N2(g)

OCP: Ar(g) > N2(g)
OP: Ar(g) < N2(g)
J: Ar(g) << N2(9)

Ar(g) >> N2(g)

Ar(g) << Nz(g)

Capacitance:
Ar(g) < N2(g)

5, 58, and 59 at OP and in the faradaic zone in the capacitive zone and at OP  at OP
Stablllf[y chgck by DEIS Na(aq): X N2(aq): X N2(aq): v/
analysis — Figures 5, S8, ) ) .
and S9 Ar(ag): X Ar(aq): X Ar(ag): v
Stability within N2(g): X N2(g): X N2(g): v
experiments — Figure 6 Ar(g): X Ar(g): X Ar(g): v

5. Conclusions

In this study, transition metal nitrides that had previously been nominated by DFT calculations as promising
catalysts for NRR, are tested in an electrochemical setup to investigate their performance in ammonia
synthesis at ambient conditions using 0.1 M KOH(aq) electrolyte solution. Considering the differences in
theory and experiments regarding specific surface facets studied in DFT vs. polycrystalline surfaces used in
experiments, a full agreement in results is not anticipated. Despite that, some agreement is found between
theoretical and the experimental observed OP values for NRR, in particular for ZrN. Different approaches
of data acquisition and analysis are presented. The combined data from ammonia measurements, impedance
analysis, and stability checks within experiments are used to conclude whether ammonia production is
catalytic or not. From this study it is concluded that the nitrides demonstrate distinct electrochemical
behavior when exposed to N»(g) compared with Ar(g) that can only be attributed to electrochemical
interaction with nitrogen. The difference between linear sweep voltammograms in Ar and N2 media is
increased when surfaces are directly exposed to gasses rather than the electrolyte saturation of Ar/N..
Overall, CrN is shown to be completely inactive for NRR. VN and NbN both produce ammonia by releasing
their inherent N atoms in the beginning of electrochemical experiments. Based on theoretical onset potential
determinations from DFT data, it is believed that ammonia production on NbN is dominantly from the
RS(100) facet while VN has all its three facets actively involved. Both these surfaces become inactive upon
reacting their N atoms of the topmost layers and thus, no further ammonia is produced detected. ZrN is the
most promising precursor for an active NRR catalyst. However, the concentration of the produced ammonia
at the first two applied potentials (-0.6 V and -0.8 V) is not sufficient to prove catalysis by means of an
isotope labeling experiment. Apart from this, the stability of all surfaces is not optimal in the environment
used in this study and the conclusion is therefore that despite electrochemical data that indicate catalysis,
inactivation/decomposition appears to be the limitations of working with these TMNSs. This can possibly be
solved by further increasing access to N2(g) and/or engineering surface stability to prevent vacancies from
becoming inactive before new N»(g) molecule is available. While none of the surfaces here are demonstrated
to be catalysts that are good for scale up and industrial commercialization, their electrochemical behavior
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provides important insight for further optimization of catalysts chemical composition and catalysis
environment.
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1- Materials for electrochemical experiments and product detection

The electrolyte used in all the experiments was 0.1 M potassium hydroxide (KOH, Merck, >85%)
in ultrapure water (MilliQ®, Grade 1).

Sodium hydroxide (NaOH, Fluka, >98%), Sulfuric acid (H2SO4, Merck, 95-97%), ortho-
phthalaldehyde (OPA, Sigma-Aldrich, >99%), ethanol (C:HeO, Riedel-de Haén, >99.8%),
disodium tetra borate decahydrate (Na:BsO7.10H20, Merck, 99.5%), sodium sulfite (Na2OsS,
Sigma-Aldrich, 98-100%), and triton X-100 ((C2H40)nC14H220, Sigma-Aldrich) were required for
ammonia determination and quantification.

Ammonium chloride (NH4CI, Merck, 1000 mg/I NH4 in H20), ammonia- °N solution (Sigma-
Aldrich, 98 atom % *°N, 2 M in methanol), dimethyl sulfoxide-ds (DMSO-ds, Merck, 99.9 atom
% D) was used for 1*NH3 and *®NHjs calibration standards preparation for *H-NMR method.
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2- Micro-reactor flow-cell and flow injection analyzer (FIA)

Reference electrode seat

Electrolyte Inlet Electrolyte Outlet

Counter electrode —_—

Spacer \ 7
(Gas + Electrolyte) Inlet /
O-ring

Catalyst

Nafion Membrane

b «—(Gas + Electrolyte) Outlet

Figure S1. Exploded view of an upgraded commercial Antec micro-reactor modified with a PEEK spacer
to separate the working and the counter compartment by means of Nafion membrane.
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Figure S2. The illustration of the setup used for NRR in-line with ammonia measurement unit. The outlet of
the working compartment of the micro-reactor is collected in an acid trap and the mixture is sent for analysis
to the flow injection analyzer (FIA).
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3- Ammonia measurement calculations

Quantification of ammonia contained in the samples was performed based on two sets of calibration
in the beginning and at the end of each electrochemical experiment. The standards were prepared
in a mixture of 2:1 (v/v) of 0.1 M KOH and 0.5 M H>SO4 (matrix matched with the samples from
the experiment) and sent to the FIA using an autosampler. A linear regression was the best fit to
the calibration data, correlating ammonia concentration to the intensity of the fluorescence
emission. Figure S3 shows a typical calibration curve in the FIA.

2000 \ . .
——Calibration before EC y=7094.71x + 72.36
—Calibration after EC R? = 0.9988
1500 | )
2
=
3 1000
O
o
500 y =7165.89x + 68.07
R? =0.9978
0 | L L
-0.05 0 0.05 0.1 0.15 0.2 0.25

Concentration (ppm)

Figure S3. Ammonia calibration curve before and after an electrochemical experiment.

Based on the calibration curve, the ammonia concentration in the electrolyte was known in
ppm after correcting for the dilution caused by the acid trap. This value was converted to N-atoms
considering the volume of 200 pL for the sample loop. The background N-atoms was subtracted
from the N-atoms produced in each step. The total N-atom produced for each chronoamperometry
combination was calculated by summing up the 3 subsequent N-atoms (since for each combination
3 measurements were done). This value was converted to moles of ammonia. Reaction rate in
mol/cm?/s was calculated from the total moles of ammonia divided by the active working electrode
area (1.9 cm?) and the reaction time (the total time of applying potential). Current efficiency was
accordingly calculated accounting for 3 electrons per molecule of NH3 produced.
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electrolyte volume + acid trap volume

xx 1073 £x X 200 X 1076L
L electrolyte volume
mol NH; = g
17.03 =5
mol
Reaction Rate ( l/ 2 5) mol NH;
eaction Rate (mol/cm*.s) =
1.9 cm? x t (s)
mol e™ C

mol NHs X3 (5557vp;) * F gl 2™

X1
Integrated Charge (C) 00

Current ef ficiency (%) =

Table S1. Ammonia production in the electrochemical (EC) studies using CrN, VN, NbN, and ZrN. The
data reported here is based on the average of three independent experiments performed in each case. Error
bars are the standard deviation calculated from the experimental repetitions. Initial characterizations of
each surface include cyclic voltammetry recorded in various potential windows from OCP to the faradaic
region, linear sweep voltammetry, differential pulse voltammetry, and electrochemical impedance
spectroscopy. E1 to E4 (which are specified for each surface in Table 3) refer to chronoamperometry loops,
run for 10 s at E1 and 10 s of recording OCP, repeated for 2100 s at each potential.

Number of NHz; molecules produced

Films Gas Initial
environment - El E2 E3 E4
characterization

CrN N, < LOD (1.1x10%) < LOD (1.1x10%) < LOD (1.1x10%) <LOD (1.1x10%) < LOD (1.1x10%)
Ar - - - - -

VN N, 2.0x10'°+0.9x10%° < LOD (1.0x10%) < LOD (1.0x10%) < LOD (1.0x10%) < LOD (1.0x10%)
Ar 1.2x10%+0.8x10% < LOD (1.0x10%) < LOD (1.0x10%) < LOD (1.0x10%) < LOD (1.0x10%)

NbN N, 1.7x10%+0.9x10% 3.5%10%+1.6x10%° 2.5x10%+2.8x10% 1.8x10%+2.6x10* 1.5%10%+1.3x10*
Ar 1.6x10%5+0.3x10% 1.3x10%+1.3x10% 2.45x10%+2.2x10" 3.2x10%+2.9x10% 4.8x10%+4.9x10%

ZrN N, 2.8x10'°+0.8x10%° 4.0x10%+0.8x10% 7.1x10%+2.6x10% 2.0x10%+7.6x10% 2.5%10%+4.2x10%
Ar 2.8x101%+0.6x10'® < LOD (1.5x10%) < LOD (1.5x10%) 9.7x10M+0.2x10™  1.9x10%5+3.1x10%

* LOD: Limit of detection
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Figure S4. LSV in N, media on CrN. The starting potential is the open circuit potential.
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Figure S5. Ammonia measurement for different samples taken during the experiment in N, media on CrN.
As it is seen, all the intensities fall below the background level; thus, no ammonia concentration is reported
for this catalyst. This result has been reproducibly repeated.

98



4- Monolayer calculations

Due to the complexity of the calculation of monolayers (ML) for a polycrystalline catalyst, the
calculation is done with a simplifying assumption that the structure of the catalyst is rocksalt (100).
The calculation here is done for ZrN as an example. Figure below shows the (100) plane in a FCC
cubic unit cell.

o & § :
< I | o Nitrogen
;| © o
¥ ' Zirconium
.a____§ (_3 _________
4577 A

Area of the plane = (4.577 X 1078 ¢cm)? = 2.095 x 10715 ¢m?

1
Number of nitrogen atoms in one plane = 4 X 5= 2 atoms

2 N atoms
2.095 x 10~15 ¢m?

Number of nitrogen atoms per plane area = =9546x 1014 N atomS/sz

The geometric active area of the catalyst in our setup is 1.9 cm?. So, the number of nitrogen atoms
in one monolayer is:

14 N atoms cm? _ 15 N atoms
9.546 x 10 /sz X 1.9 /m =1.814 x 10 /monolayer

onolayer
The total number of monolayers present in a ZrN film with thickness of 83 nm is:

83nm x 10 ) o
————— =363 monolayers in a pristine ZrN catalyst
4577 A /2

From Section 3, we know how to calculate the moles of ammonia produced. Accordingly, it is

possible to calculate the total atoms of ammonia produced in a whole experiment simply by

multiplying it by Avogadro’s number. So, dividing this number by 1.814Xx
15 N atoms i i

10 /monolayer would result in the equivalent total monolayers produced. In the case of

ZrN experiment in N2(g), for example, a total of 8.42 x 10'® N atoms were measured in the samples.
This equals to 4.81 (~ 5) monolayers produced and 358 monolayers left in the film.
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5- Comparison of system responses with and without the gas flow
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Figure S6. Comparison of LSV curves with and without direct bubbling
electrode compartment.
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Figure S7. Comparison of the Nyquist plots in the faradaic zone with and without direct bubbling of the gas

inside the working electrode compartment.
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6- Bode plots and model fitting parameters

The Bode plots show, in general, that the impedance modulus (]Z|) decreases at higher frequency
values meaning that the TMNs catalysts under study show a mixed capacitive and resistive
behavior. The charge carriers or electrons involved in the reduction mechanism of N2(g) to produce
ammonia must have sufficient energy to bypass the impedances of two main regions: the bulk
(TMN electrodes) and the boundaries between atomic interfaces. At high frequencies, charges are
effectively displaced due to a fast-alternating current. This includes the initial leaching of the
surfaces observed in the EIS data. But at the low frequencies, the movement of charge carriers
becomes harder at the interfaces including the catalysts junctions (Metal — Nitrides). It is further
seen from all the Bode plots that the behavior shifts from resistive to capacitive by moving from
lower frequencies to higher frequencies. Thus, at lower frequencies, the impedance of the capacitor
increases due to its inverse dependence on frequency and the current flows through the resistor or
junctions between the metal and nitride ions. On the other hand, at high frequencies, the impedance
to current in the capacitor is smaller than the impedance of a resistor (which is constant at all
frequencies), so the capacitive behavior is enhanced as it is observed in the Nyquist plots and the
height of the semicircles?.
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Figure S8. Bode plots recorded for the four TMNs at open circuit potential (OCP), capacitive zone, onset
potential (OP), and faradaic zone.
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Figure S9. Phase shift diagram recorded for the four TMNs at open circuit potential (OCP), capacitive
zone, onset potential (OP), and faradaic zone.
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Figure S10. Equivalent circuits used to model the four systems in N, and Ar media. (a) for ZrN at E1, E2,
and E3 in Ar and N, (b) for VN at all potentials and for NbN at all potentials in N, and at E1 and E2 in Ar,
(c) for ZrN at E4 and NbN at E3 and E4 in Ar
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Table S2. Equivalent circuit and fit parameters in Ar(aq)

Model Parameters Unit El E2 E3 E4
Re Q 21.78 22.51 22.58 23.07
Rett Q 1.09E4 8.89E3 1.43E3 1.38E2
CPE:i T HF/cm? 9.51E-4 151E-3 1.26E-3 1.09E-3
= b CPEi P - 0.88 0.87 0.88 0.94
> Re Q 9.94 6.25 7.07 6.95
CPE, T HF/cm? 1.51E-4 1.22E-4 1.45E-4 2.59E-4
CPE, P - 0.94 0.98 0.95 0.87
» - 3.46E-5 9.83E-5 9.84E-5 4.37E-5
Re Q 35.09 34.59 30.14 27.12
Rett Q 3.32E3 2.03E3 16 6.45
NI L1 H - - 1.2 0.079
> P CPE:iT pF/cm? 1.26E-4 1.65E-4 - -
S W L CPE1 P - 0.85 0.84 - -
2| o Ree Q 3.03E3 6.42E3 4099 213
oo CPE, T HF/cm? 7.07E-4 7.94E-4 8.20E-4 2.12E-3
CPE, P - 1 1 0.65 0.44
¥ - 1.08-3 1.027E-3 1.15E-3 1.48E-4
Re Q 17.76 15.07 14.91 14.51
o Rt Q 3.44E5 2.94E4 3.97E3 28.2
L L1 H - - - 9.92
- ! N CPEi T HF/cm? 6.00E-5 8.61E-5 1.02E-4 -
= e CPELP - 0.82 0.82 0.80 -
® o Rei2 Q - - - 178.7
et CPE, T HF/cm? - - - 9.73E-5
CPE, P - - - - 0.78
% - 2.49E-4 8.70E-4 8.45E-4 5.02E-4
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Table S3. Equivalent circuit and fit parameters in N2(aq)

Model Parameters Unit El E2 E3 E4
Re Q 20.96 20.75 20.64 20.54
Ret1 Q 2.71E4 1.21E4 3.49E3 3.03E2
CPE:1 T UF/cm? 1.53E-3 1.72E-3 1.34E-3 1.23E-3
=z b CPE1 P - 0.92 0.89 0.88 0.92
> Rect2 Q 9.04 511 5.54 6.23
CPE>T UF/cm? 1.17E-4 1.21E-4 1.41E-4 1.66E-41
CPE2 P - 1 1 1 1
e - 5.31E-5 1.20E-4 9.95E-4 5.33E-5
Re Q 34.87 39.74 28.3 27.35
Ret1 Q 2.33E4 1.47E2 93.5 16.5
CPE1 T UF/cm? 1.75E-4 1.03E-3 1.14E-4 2.88E-4
% b CPE1 P - 0.82 0.70 0.95 0.80
=z Rect2 Q 38.84 5.43E3 16.92 16.18
CPE>T UF/cm? 1.80E-4 1.88E-4 1.61E-3 1.08E-4
CPE; P - 1 0.90 0.30 0.43
x - 3.87E-4 2.45E-4 1.88E-4 6.15E-5
Re Q 23.32 23.07 23.2 22.47
. Ret1 Q 6.04E5 5.31E4 6.21E3 28.19
LLl L1 H - - - 5.6
> I E CPE:1 T UF/cm? 7.15E-5 8.55E-5 1.01E-4 -
Sl Te CPE1P - 0.84 0.82 081 -
® o Retz Q - - - 167.8
st CPE2 T uF/cm? - - - 1.15E-4
CPE; P - - - - 0.78
e - 2.31E-4 1.76E-3 3.13E-4 5.92E-4
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7- XRD, XRR, and XPS analysis of the pristine film of ZrN

Figure S11(a) shows the grazing incidence x-ray diffraction (GIXRD) and XRR measurements of
a pristine test sample of ZrN. The GIXRD reveals a polycrystalline structure matching the rocksalt
structure of ZrN. The grain size is determined as 15.5 nm from the full width at half maximum of
the [111] peak, using the Scherrer formula. The XRR yields a density of 6.85 g/cm?® which is close
to the bulk density of ZrN (7.1 g/cm®). However, XRR is not very sensitive to small changes in
stoichiometry due to the much higher weight of Zr compared to N. The thickness is 65 nm and the
rms surface roughness approximately 2.2 nm, as determined by fitting using the GenX software
(red line).

Figure S11(b) shows the result of XPS analysis of a pristine sample. As can be seen oxygen
is only present in the outermost part of the coating, and a stable bulk composition is observed below
a sputtering depth of 3 nm. The average bulk composition from XPS of the pristine film is 58.4
at.% Zr, 41.0 at.% N, and <0.6 at.% O, with a standard deviation of 0.6 at.%, i.e. ZrNo.7. The Zr 3d
spectra from bulk and surface (right panel, bottom) show that the bulk is practically pure ZrN with
the main contributions (dashed yellow lines) matching the literature for ZrN with peaks at 179.7
eV (3ds2) and 182.0 eV (3dsr2) 2. The small high binding energy contributions (at 183.4 eV for 3ds
and 185.7 eV for 3dss, dashed red lines) are consistent with Zr bonded to oxygen? and are either
caused by small amounts of oxygen in the film, or by knock-in of oxygen atoms from the oxidized
surface during sputter-etching. Also, the N 1s peak (not shown) which is observed at 397.3 eV is
consistent with ZrN.

The surface spectra are consistent with literature of native oxides formed in air.? The spectra
contain contributions both from Zr in a nitride environment and mixed oxygen/nitrogen
environment where the latter dominates. Oxynitride contributions are mainly found at 182.4 eV
(3ds/2) and 184.8 eV (3ds/2) (purple dashed lines). To attain a satisfactory fit to the surface spectra,
however, an additional component with a binding energy of 181.0 eV (3ds,2) and 183.5 eV (3ds/2)
was needed (dashed blue lines). This contribution is also consistent with Zr in a mixed
oxygen/nitrogen environment and has been described for native oxides of ZrN3.
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Figure S11. (a) GIXRD of the pristine film confirming a NaCl-type ZrN phase with a polycrystalline
microstructure. Inset: XRR data (black squares) and including fit (red line) showing a smooth (rms
roughness approx. 2 .2 nm) film with 65 nm thickness. (b) XPS of the pristine film. The XRR (inset) shows a
smooth (rms roughness approx. 2.2 nm) film with 64 nm thickness. The XPS sputter depth profiles show a
thin native oxide and a stable bulk composition. The right panel shows fitted Zr 3d spectra from the surface
and bulk of the pristine sample.
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The ZrN test samples were tested in the electrochemical setup in N> media at different
applied potentials for 240 min and in N2 and at a fixed potential of -0.88 V vs. RHE for different
time durations of 35, 70, 120, and 240 min. Figure S12(a) and (b) shows the resulting oxide layer
thicknesses derived from the XRR and the XPS analysis. The XRR results show slightly thicker
oxide layers compared to the XPS results, as different reference cut-off criteria were used for each

method, but both series follow the same trend. However, the proximity of the results allows us to
use the XRR analysis for the surface characterization.
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Figure S12. Oxide layer thickness (depth) obtained using both XPS and XRR measurements as a function
of (a) total time and (b) applied potential, respectively.

107



8- Growth parameters and surface characterization before and after
electrochemical experiments

The general growing procedure for the thin-film surfaces is described in the experimental section
of the article. The specific parameters to get the desired final structure for each TMN was followed
based on the parameter listed in Table S4.

Table S4. Parameters applied in the growing procedure of the TMN surfaces.

TMNs N2 / sccm Ar /sccm P/W VIV I/ mA Growth pressure / mbar
CrN 10 17 400 440 910 3.50 x 10
VN 3.6 25 400 363 1102 3.20 x 10
NbN 3.5 25 400 376 1064 3.70 x 10
ZrN 2 25 200 327 612 3.30 x 10

Figure S13 shows the XRD measurements on the TMN surfaces after going through full
electrochemical experiments in N2(g) and Ar(g) media. The XRD spectra for each surface are
overlaid on the spectra from the respective pristine surface. The results do not present significant
differences between N2(g) and Ar(g). However, only VN and ZrN seem to be not changed
compared to their pristine forms.
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Figure S13. Grazing incidence x-ray diffraction (GIXRD) measurements on the TMN surfaces after

experiments in Ar (green dashed lines) and N (black dotted lines) overlaid on the pristine measurements

before experiments (blue solid lines).

Table S5. Information derived from the XRR measurements of the pristine and used surfaces.

Total film thickness / nm

Oxide layer thickness / nm Main film density / g cm

Pristine Ar N2 Pristine Ar N2 Pristine Ar N2
VN 66.6 £1.3 635+21 65.0+2.1 35+x05 2%1 3 %1 585+0.1 5.67+0.20 5.67+0.20
NbN 100.3+0.1 1015+12 1009+0.7 3.7+01 2+1 21+05 824+0.01 8x1 8.27£0.01
ZrN 83+2 82+2 82+2 71 9+1 100+1 7.09+0.01 6.73+0.01 6.66+0.01
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9- “NH; and ®*NH; Standard preparation for analysis using *H-NMR

'H nuclear magnetic resonance (NMR) was also used to analyze the calibration standards.
Calibration standards of **NHs and *®NH3 were diluted using 2:1 (v/v) of 0.1 M KOH and 0.5 M
H2SO4 to each get to a final concentration of 2 ppm. The *“NH3 and °NH; standards were then
mixed to get a range of 0, 0.2, 0.4, 0.6, 0.8, and 1 for the volume ratio of **NHs to *NHs. 110 pL
of each standard was transferred to the NMR tubes and 440 uL of dimethyl sulfoxide-ds (DMSO-
ds) was added to all the tubes and mixed thoroughly. *H-NMR was carried out with 3000 scans.
Figure S14 shows the gradual shift in the calibration standards in terms of the normalized NMR
peak integration. The red arrow marks the point where signals of °NHj start to appear in the
response. This point is equivalent to 0.8 ppm and thus, 8.8x10° mg is the lowest amount that can
be detected.
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Figure S14. A 2-ppm mixture of *NHs and ®NH; with varying ratios are analyzed using 1H-NMR. The
graph shows the trend of the normalized peak integration when moving from a pure *NHs standard to a
pure *NHjs standard. The arrow marks the point where it is possible to see the doublet peak signals from
NHs in the full spectrum.

However, this amount is far higher than the ranges that usually emerge out of electrochemical
experiments (ca. 0.05 ppm). In order to be able to detect lower concentrations of ®NHs, the
standards were concentrated prior to preparation for the 'H-NMR analysis by means of micro-
diffusion (uD) method. In this method, the standards were poured into acid washed Petri dishes
(55 mm diameter). 110 pL of 1 M H2SOa4(aq) were pipetted into 12 mL Sarstedt tube screw caps
and centered on the Petri dishes. A 2-mm diameter hole was drilled on the petri dish lids. The lids
were sealed on top of the dishes using Vaseline. 1 mL 10 M NaOH(aq) was pipetted into the petri
dishes through the holes, and the holes were immediately sealed with Vaseline. The standards were
left standing on a shaker for 15 h. The ion equilibrium was thus shifted to favor NH3z which readily
evaporates and is then slowly dissolved and captured as ammonium sulfate in the acidic solution.
The caps were, then, taken out after 15 h and the acid was pipetted into the NMR tubes. Next,
DMSO-ds was added to the tubes and mixed completely and analyzed in NMR. Method blanks
proved to be totally free of external contamination. Depending on the initial volume of the
standards poured into the Petri dishes (i.e., the initial mols of **NHz), the fixed volume of the acid
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inside the caps ends up being concentrated to different levels. Accounting for the maximum
experimental duration to collect real samples, and doing a back of the envelope calculation, it
turned out that ca. 0.03 ppm was the minimum concentration able to be detected using this method.
ZrN, that shows catalytic behavior at -0.6 V and -0.8 V vs. RHE, yields ammonia concentrations
of 0.02 £ 0.005 ppm which falls below this sensitivity level, thus making isotope labeling
experiment not worth the attempt.
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Figure S15. *H-NMR spectra for (a) 100% “NHj; standard, (b) 100% *NHj; standard, and (c) 60% **NHs /
40% “°NH; standard (where the red arrow marks on Figure S14).
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10- DFT calculations

Density functional theory (DFT) calculations were used to obtain the energetics of adsorbed species
(H*, OH" and O%) from an aqueous electrolyte solution into the N-vacancies generated during the
Mars-van Krevelen mechanism of the NRR*,

The applied potential affects the adsorption energies of the positively charged H* species and
the negatively charged OH and O% species in an opposite way where the H* species adsorb
stronger when the applied potential becomes more negative:

H +e+* o *H

while the OH and O? species adsorb stronger when the applied potential becomes more positive:
HO +* & *OH + H + ¢

H,0 +* & *0% + 2H" + 2¢°

Figure S16 shows three different facets of VN, CrN, NbN, and ZrN (rocksalt (100), (110), and
(111)) where the most stable species (H*, OH™ and O?) is shown as a function of the applied
potential (referenced against the RHE). For VN, NbN, and ZrN there is a certain potential window
where none of those species are adsorbed. Since the onset potential for NRR is at more negative
potential, where the N-vacancies will be occupied with H*, one needs to switch the applied potential
to the resting potential window (i.e., white space in Figure S16) where the adsorbed protons will
be transferred back to the aqueous solution and where water molecules will not oxidize to OH™ and
O? species adsorbed at the N-vacant site. For CrN, however, these species are predicted to be
adsorbed at all potential values. Thus, the N-vacant active sites are predicted to be poisoned by
those species and therefore the MvK mechanism cannot take place. This is possibly the reason why
no ammonia is produced on CrN in N2(g) (see Figure S5).
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Figure S16.The most stable species (H*, OH" or O%) from an aqueous solution that could be adsorbed into
the nitrogen vacancies on CrN, VN, NbN, and ZrN with three different crystal structures and facets
(RS(100), RS(110), and RS(111)), obtained using density functional theory (DFT) calculations. Predicted
onset potentials for nitrogen reduction reaction (NRR) is also indicated on the figure. In all cases except
for CrN, there is a potential window where none of those species are present, which determines the resting
potential needed in order to regenerate active sites. Only ZrN shows reasonably wide potential windows for
all three facets. The DFT data is extracted from References 4 and 5.
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11- Effect of chronoamperometry loop
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Figure S17. Comparison between ammonia measurements on ZrN when a potential of -0.9 V vs RHE is
applied in chronoamperometry loop compared to when the same potential is held constant.
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Figure S18. Applied potential and current density as a function of time for 5 cycles of a
chronoamperometry loop recorded at -0.6 V vs. RHE (red) and OCP (black) on ZrN.

114



12- References

(1) Mohammadi, M.; Fardindoost, S.; Almasi-Kashi, M. Room temperature selective sensing of
aligned Ni nanowires using impedance spectroscopy. Materials Research Express 2020, 7 (2),
025044.

(2) Milosev, 1.; Strehblow, H. H.; GaberS¢ek, M.; Navinsek, B. Electrochemical Oxidation of ZrN
Hard (PVD) Coatings Studied by XPS. Surf. Interface. Anal. 1996, 24, 448-458.

(3) Muneshwar, T.; Cadien, K. Comparing XPS on Bare and Capped ZrN Films Grown by Plasma
Enhanced ALD: Effect of Ambient Oxidation. Appl. Surf. Sci. 2018, 435, 367-376.

(4) Abghoui, Y.; Garden, A. L.; Howalt, J. G.; Vegge, T.; Skulason, E. Electroreduction of N> to
Ammonia at Ambient Conditions on Mononitrides of Zr, Nb, Cr, and V: A DFT Guide for
Experiments. ACS Catal. 2016, 6, 635-646.

(5) Gudmundsson, M.; Ellingsson, V.; Skulason, E.; Abghoui, Y. Optimizing Nitrogen Reduction
Reaction on Nitrides: A Computational Study on Crystallographic Orientation. Top Catal. 2021,
1-10.

115






Paper III

Investigation into the Mechanism of Electrochemical Nitrogen Reduction Reaction to
Ammonia using Niobium Oxynitride Catalysts

Hanifpour, F., Canales, C. P., Fridriksson, E. G., Sveinbjornsson, A., Tryggvason, T. K., Lewin,
E., Magnus. F., Ingason, A. S., Skulason, E., & Flosadaéttir, H. D.

Submitted

117






Investigation into the mechanism of electrochemical
nitrogen reduction reaction to ammonia using

niobium oxynitride thin-film catalysts

Fatemeh Hanifpour?, Camila P. Canales?, Emil G. Fridriksson®, Arnar Sveinbjérnsson, Tryggvi K.
Tryggvason®, Erik Lewin?, Fridrik Magnus®®, Arni S. Ingason®, Egill Skdlason™¢€, and Helga D.

Flosadottir e

Science Institute, University of Iceland, VR-I1I, 107 Reykjavik, Iceland.

T &

Grein Research ehf., Dunhagi 5, 107 Reykjavik, Iceland.

c. Atmonia ehf., Keldnaholt, 112 Reykjavik, Iceland.

d. Inorganic Research Programme, Department of Chemistry — Angstrom Laboratory, Uppsala
University, Box 538, SE-751 21 Uppsala, Sweden.

e. Faculty of Industrial Engineering, Mechanical Engineering and Computer Science, University of

Iceland, VR-III, 107 Reykjavik, Iceland.

* helgadogg@atmonia.com, egillsk@hi.is

119


mailto:helgadogg@atmonia.com
mailto:egillsk@hi.is

Abstract

Niobium oxynitride (NbOxNy) thin films with varying combined non-metal vs. metal
stoichiometries (x+y) and N/O stoichiometric ratios (y/x) are investigated for their ability to
catalyze the nitrogen reduction reaction and ammonia synthesis at ambient conditions.
Electrochemical impedance spectroscopy and ammonia measurements show stark differences both
in nitrogen vs. argon media on each surface and on the surfaces in the series when the combined
stoichiometry of N+O vs. Nb increases. Surface stability checks at fixed intervals during the
experiments and surface characterization after the experiments using X-ray diffraction reveal the
least changes occurred to the surface with the highest N+O stoichiometry. Based on these
observations, an ammonia synthesis mechanism is proposed. Isotope labeling experiments on the
most promising surface of the series, however, show no sign of catalytically produced ammonia,
possibly due to the lack of stability of the surface to endure through the ammonia production cycle.

KEYWORDS: Ammonia electrosynthesis, transition metal oxynitride, thin films, ambient
condition, aqueous electrolyte solution.

1. Introduction

The Haber-Bosch (HB) process has been used over the past century to produce ammonia (NH3)
with the main aim of providing fertilizers [1]. The limitations associated with this process, namely
the harsh operating conditions and the release of carbon dioxide (CO2) as a side-product to the
environment, have made scientists look for more sustainable means of ammonia synthesis [2,3].
With this aim, various alternatives have been proposed including electrocatalysis, photocatalysis,
plasma catalysis, plasma electrolysis, homogeneous catalysis, and electrochemical lithium cycling
[4-12]. Given the advantages and disadvantages associated with each alternative, electrocatalysis
seems to be the most appealing option to be developed for the future of sustainable ammonia
synthesis.

Many theoretical studies have been carried out on viable catalysts and mechanisms for the
nitrogen reduction reaction (NRR) [2,13,14]. Abghoui et al. have conducted thorough density
functional theory (DFT) calculations on transition metal nitrides (TMNSs) [15-19]. In their first
work, the authors studied the Mars Van Krevelen (MvK) mechanism of NH3 synthesis on all the
mono-nitrides of naturally occurring transition metals in rocksalt (RS) and zincblende (ZB)
structures. There, niobium nitride (NbN) was predicted to be a good candidate for NRR being
catalytically active towards ammonia formation, stable towards poisoning of surface vacancies and
relatively stable towards decomposition upon polarization [15,16]. Similarly, a thorough screening
of transition metal oxides (TMQOs) was carried out by Héskuldsson et al. in which the (110) facets
of 11 TMOs in their rutile structure were investigated with respect to ammonia electrosynthesis.
NbO> was among the most promising candidates that demonstrated a stable facet plus catalytic
activity towards ammonia formation while catalysing the unfavourable hydrogen evolution
reaction (HER) at the same time [20].

Implementing the promising theoretical results into practice and validating those results
through experiments is a challenging task. So far, several reports have stressed the importance of
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following strict protocols in NRR experiments [21-26]. These include sensitive quantification
methods, rigorous control experiments, removing all sorts of contamination from the catalyst,
electrochemical setup, and the gas. There is also evidence of contamination of >N gas stocks with
> NH,4*, NOs’, 1°NO2 and **N»0 which should be eliminated and accounted for in the experiments
[27]. Choi et al. have demonstrated in a recent study that the reduction of NO2", NO3", NO, and
NO2 to ammonium could be catalysed more easily over Bi or Au nanoparticles, while the
conversion of N2 to NH4* was highly unlikely [28]. As these contaminants are present as traces in
even the highest purity 1*N, and much more in the *N; gas tanks, extra care must be taken before
introducing the gas into the electrochemical systems. Moreover, researchers need to consider the
possibility of introducing external ammonia contamination into their setup by using membranes
that have undergone insufficient pretreatment [29]. Thus, it is important that all studies on NRR
include blank tests in Ar(g), isotope labeling control experiment, purification of all gases before
introduction into the electrochemical setup, and make sure to use the acceptable pretreatment of
the Nafion membrane.

Numerous experimental studies have been conducted to date on the oxide and nitride form of
niobium. Cubic and tetragonal niobium nitride (NbN and Nb4Ns) were reported by Du et al. as not
suitable for NRR. In 0.05 M H2SO4, NbN was too stable to initiate the MvK mechanism and NbsNs
produced ammonia via leaching of inherent N atoms. Furthermore, NbsNs was found to decompose
and thus proved to be unstable in alkaline electrolytes [30]. The authors have check-marked all the
necessary experimental NRR criteria and therefore, the results are reliable. Han et al. claimed high
selectivity and excellent stability of Nb.Os nanofibers in 0.1 M HCI and reported an ammonia
production yield of 43.6 ug h™* mg s and 9.26% current efficiency at -0.55 V vs. reversible
hydrogen electrode (RHE) [31]. The authors confirmed the source of the ammonia by conducting
both a blank experiment in Ar and an isotope labeling experiment (i.e., a control experiment in
15N gas). However, the gases used in the working compartment of their two-compartment batch-
cell were used without a purification step and no information was given on the type of the
membrane used in their system, both important sources of ammonia contamination. Huang et al.
presented encouraging results on NbO: nanoparticles and less promising results on Nb2Os
nanorods [32]. When using high purity N2 gas but with no further purification, the authors reported
a high current efficiency of 32% at -0.6 V vs. RHE in 0.05 M H2SO4 and attributed the outstanding
performance to the partially occupied d-orbitals of Nb** which formed = back-bonding with N.
No ammonia was detected in the Ar blank test and no further isotope labeling experiment was
performed to verify the source of the ammonia product. No information regarding the preparation
of the Nafion 212 membrane was provided in this study. Kong et al. reported high ammonia
production rate of 1.58 x 1071 mol s cm™2 and 2.26% current efficiency for Nb2Os nanowires at
-0.6 V vs RHE in 0.1 M Na2SO4[33]. Their DFT calculations showed that NRR would take place
via a distal associative route over the Nb,Os (001) facet. The Ar blank test showed no ammonia
production, and the authors did not perform any isotope labeling test to verify the source of
ammonia. Nafion used in their experiments was pretreated using the common pretreatment method
which is boiling in water, H2O, and water each for 1h, followed by 3 hin 0.5 M H>SO4 and finally
for 6 h in water. Our previous studies have demonstrated that this pretreatment method is prone to
increasing the NH3(aq) contamination in this membrane [29]. Hu et al. reported porous Ce13NbO3
to be active towards the NRR and catalyse the ammonia synthesis at -0.8 V vs. RHE in 0.1 M
Na>SO4 with a rate of 10.34 pg h™ cm2 (1.69 x 10°2° mol s cm™2) and a current efficiency of 6.87
% [34]. The authors claimed that the catalyst benefitted from the synergistic effect of Nb atoms as
active centres for NRR and Ce atoms in boosting the charge transfer within the process.
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Transition metal oxynitrides have recently been suggested as potential candidates towards
ammonia electrosynthesis [35-37]. A theoretical study by Pan et al. investigated various oxygen
contents in vanadium oxynitride (VON) and reported the effect of specific low and high oxygen
contents on enhanced selectivity and improved nitrogen adsorption and dissociation, respectively
[38]. A DFT and experimental study by Wu et al. showed that nanoparticles of NbzO7(OH) would
electrochemically form NbO during NRR which according to the authors was the catalytically
active phase, but the NbON, which was formed by further continuation of the experiment, was
claimed to have drastically decreased the NRR vyield and efficiency [39]. Bimetallic vanadium-
nickel oxynitride (VNiON) over VNiO nanosheet was shown to possess promising electrochemical
performance and catalytic activity for ammonia synthesis in 0.05 M Na>SO4 with 5.57 % current
efficiency [40]. The NRR process was proposed to proceed via MvK mechanism, and the stability
of the oxide was shown to have improved by introduction of the oxynitride layer. However, no gas
cleaning and isotope labeling control experiment was reported by the authors.

As promising as all these experimental reports are, care must be taken while reporting such
results. The importance of accurate ammonia analysis in NRR studies must be considered to
prevent false positive results. Although these studies do not all follow the strict protocol necessary
to prove ammonia electrosynthesis, oxynitrides are still considered promising candidates towards
NRR and a more careful examination is necessary to investigate this further. In this study we assess
the electrocatalytic properties of thin films of NbOxNy with different N+O vs. Nb stoichiometries
by employing several electrochemical techniques together with an accurate ammonia
quantification.

2. Experimental section
2.1. Surface deposition and characterization methods

Thin films of NbOxNy are grown by reactive dc magnetron sputtering from a 4 diameter Nb
target (99.95%) in a high vacuum chamber with a base pressure of (4+1)x10~° mbar. The films
are deposited on conductive highly p-doped Si(001) substrates, with a native oxide layer, without
substrate heating. A constant Ar (99.999%) gas flow of 25 sccm is used whereas the N2 and O>
flows (both 99.999%) are varied individually in the range 1.0-3.0 sccm to obtain different
oxynitride stoichiometries. This results in a total pressure of (3.2+0.1)x10 mbar during growth.
The flow rates for each film are presented in

Table 2. The films are post-annealed ex-situ in vacuum in a Jipelec JetFirst 100C rapid thermal
annealing (RTA) system for 20 minutes at a temperature of 800 °C to induce crystallization of the
oxynitride phase. The base pressure of the RTA system is (2.4+0.5)x10° mbar.

All films are characterized structurally by x-ray diffraction (XRD) and x-ray reflectivity
(XRR), both after annealing (denoted by pristine) and after electrochemical testing (Figures S11
and S12). A Panalytical X -Pert MRD system is used, equipped with a Goebel mirror on the
incident side (for a parallel beam) and a 0.27° collimator on the diffracted side. The XRD
measurements are carried out in a grazing incidence geometry with the incident angle fixed at ® =
1°. XRR scans are fitted using the GenX software [41] package to extract the film density,
thickness, and roughness.
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The oxynitride films are measured using X-ray photoelectron spectroscopy (XPS) to
determine the film composition. The measurements are conducted in an Ulvac-Phi Quantera Il
XPS microprobe (USA, Chanhassen Minnesota) employing monochromatic Al
Ka radiation. Sputter depth profiles are acquired to map the depth-dependent composition, 500 eV
Ar* ions rastered over an area of 1 x 1 mm?, and 10 steps of 2 minutes, giving a total depth in the
order of 30 nm. Composition was determined using custom sensitivity factors determined using
reference films with compositions determined by a combination of Elastic Recoil Detection
Analysis (ERDA) and Rutherford Backscattering (RBS). Presented stoichiometries in Table 2 are
averages from sub-surface part of the sputter depth profiles.

2.2. Electrochemical setup and techniques

All electrochemical studies are performed according to the protocol illustrated in Figure 1. The
experiments are carried out in a setup in-line with ammonia measurement unit without any manual
handling of the samples. This combination of electrochemical experiments and analysis method
significantly reduces any sorts of possible external contamination to the samples (Figure S2). The
electrolyte of choice is 0.1 M potassium hydroxide (KOH, Merck, >85%) which is bubbled with
Ar (HiQ® Argon 5.0, Linde) for 1 h before experiments. The gas is scrubbed of any possible traces
of NOx, CO2 or NHs using first, 0.05 M H>SO4 and second, ultrapure water (MilliQ®, Grade 1),
prior to entering the electrolyte. Then the Ar saturated electrolyte is transferred to two 50 mL gas-
tight syringes. A three-electrode electrochemical flow cell (u-PrepCellTM, Antec Scientific,
Netherlands) is used for this study. The commercial flow-cell is modified to allow for two spacers
and a Nafion membrane in between the working and the counter electrode, ensuring two separate
chambers for the working and the counter electrodes. The pretreatment of Nafion 211 is carried
out using a previously reported method [29] consisting of i) 10 minutes of sonication of Nafion in
5% H>0> to remove the organic impurities, ii) 10 minutes of sonication in DI-water, iii) 10 minutes
of sonication in 0.5 M H2SO4 to remove the metallic impurities, iv) 10 minutes of sonication in
Dl-water, v) more than 12 h in DI-water at 80 °C for expansion, and vi) sonication in 0.05 M
H>SO4 and DI-water right before application in the electrochemical setup. The Ti(s) counter
electrode is coated with 100 nm of Pt on top of a 10-nm thick Ta adhesion layer in a magnetron
sputtering chamber. Ag/AgCl is used as the reference electrode. The backside and the edges of the
Si substrates together with the corners of the thin film oxynitride catalysts are silver-painted to
ensure sufficient electrical connection to the potentiostat. For more information regarding the
electrochemical flow-cell, refer to Figure S1 in the Supplementary Information (SI). The catalyst
surface acts as the working electrode within the flow-cell. The potential of the working electrode
surface is controlled with a Gamry potentiostat, Reference 600™ (Gamry Instruments,
Warminster, PA 18974 USA). Constant flow of the electrolyte from two gas-tight syringes (Model
1050 TLL, Hamilton®, USA) is maintained and sent through the working and the counter
compartment of the p-PrepCell at a flow rate of 20 pL/min using a dual syringe pump (KD
Scientific, Inc., Legato 100, Massachusetts 01746-1388 USA). Depending on the requirements of
the experiment, Ar or N2 (HiQ® Nitrogen 5.0, Linde) gas is introduced to the working compartment
with a flow rate of 50 mL/min after passing through two scrubbing units and a T junction where it
is mixed with the electrolyte. The fluid (gas and electrolyte combined) leaving the working
compartment of the cell is collected in 100 pL of 0.5 M H>SO4 used as acid-trap and the resulting
solution is collected, using an automated syringe, in a 200 pL sample loop to be analyzed in the
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ammonia measurement unit described in section 2.3. Figure S1 illustrates the electrochemical
workstation connected in-line to the ammonia quantification unit.
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Figure 1. Procedures pursued for the NRR studies in this work which ensures reliable and
reproducible data.

At the beginning of all electrochemical experiments, open circuit potential (OCP) is recorded
until reaching stability. Then, 0 V vs. RHE is applied until ammonia from any source of
contamination within the closed system is removed. The background ammonia in the system is
subtracted from all subsequent samples measured during electrochemical procedures. The reader
is referred to section 2.3 for the details of the ammonia measurement method. Cyclic voltammetry
(CV) with a scan rate of 100 mV/s and linear sweep voltammetry (LSV) with a scan rate of 10
mV/s are recorded in the potential window between OCP and HER potential for each surface. CV
comparison in Ar vs. N for all surfaces in the same potential range is shown in Figure 3. Dynamic
electrochemical impedance spectroscopy (DEIS) at four different potentials namely at OCP, in the
capacitive zone (0 V vs. RHE), at the onset potential (OP; -0.5 V vs. RHE), and in the faradaic
zone (-0.7 V vs. RHE) is carried out to investigate the electrical behavior of each surface more
thoroughly (Figure 3). An amplitude of 10 mV rms and 10 points per decade in a frequency range
of 100,000 Hz to 0.1 Hz are used in this study. The DEIS spectra are fitted using the Z-View®
Software (Scribner Associates) [42]. Due to the large perturbance in the system and the difficulty
to interpret the DEIS data while gas is bubbled over the surface, this study is done using Ar/N>
saturated electrolyte. DEIS data shows to follow the same trend with and without gas bubbling
inside the micro-reactor, with the only observable difference being larger impedances while
bubbling the gas directly over the surface. The reader is referred to section 4 in the Sl for some
examples of this comparison (Figure S5).

To study the electrochemical ammonia synthesis and calculate NRR reaction rate (RR) and
current efficiency (CE), chronoamperometry technique is utilized, both in Arand N2 environments.
Based on the CV profiles, chronoamperometry loops are designed where one selected negative
potential and one selected positive potential are applied intermittently for 10 s each and the loop
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is repeated for 30 min, long enough to collect three samples for in-line ammonia quantification
corresponding to each loop. The positive potential is applied to desorb the cation species in the
electrolyte (such as K™ and H*) which could block the active sites on the catalyst and hinder N2
adsorption on these sites [43]. Eight combinations of three positive potentials (OCP, OCP + 0.2 V,
and OCP + 0.4 V), and three negative potentials (-0.2 V, -0.4 V, and -0.6 V vs. RHE) are tested
for the chronoamperometry loop as put forward in Table 1.

Table 1. Chronoamperometry potentials applied for 10 s in a loop which is maintained long
enough to give three consecutive ammonia measurements for each combination.

Lower limits (B)

Upper limits (A)

-0.2V vs. RHE -0.4V vs. RHE -0.6 V vs. RHE
OCP v v v
OCP+200 mV v v v
OCP+400 mV v v

The samples collected into the acid trap are then sent for ammonia analysis. The whole process
from ammonia production inside the micro-reactor to ammonia measurement takes place in a
closed, in-line system.

2.3. Ammonia measurement method

Ammonia quantification is done using a method described in our previous work [20]. In short, the
output line from the micro-reactor carrying the produced ammonia is connected to the specialized
Sequential Injection Analysis® system (OminSIA, FlIAlab Instruments Inc. Bellevue, WA 98103
USA) with gas tight PEEK tubing. The sample is reacted with Ortho-phthalaldehyde (OPA) to
make an NH3-OPA fluorescent product to be detected in a photomultiplier tube (PMT) with a
fluorometric detection (excitation at 370 nm, detection at 425 nm) [44]. This method has a very
sensitive limit of detection (ca. 0.5 ppb of ammonia) compared to the commonly used methods
and only demands 200 pL volume of each sample. The electrolyte is always contained in a gas
tight environment, never exposed to atmosphere, or handled in any manner. This minimizes the
external sources of contamination to the samples. A full description of the method is included in
the SI, section 3.

2.4. Isotope labeling experiment

Due to ammonia’s adventitious contamination, isotope labeling experiment is a criterion for
scientific proof of catalysis in the field of electrochemical NRR. Furthermore, potential N leaching
of catalysts provides a new source of NHs contamination from materials that have N atoms inherent
within their structures. °N isotope labeling, therefore, serves as a key to investigate the source of
ammonia detected in the experiments here.

In isotope labeling experiments, N, is purified by passing through 0.05 M H;SO4 and
ultrapure water before being introduced in the micro-reactor set-up. The electrochemical procedure
is limited to: (i) recording the OCP value and collecting one sample as the background; (ii)
recording CV, and (iii) chronoamperometry loops in the optimized range of potentials. All samples
plus calibration standards are then concentrated by means of micro-diffusion (uD) method and
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ammonia is derivatized from the concentrated samples to be measured using gas chromatography-
mass spectroscopy (GC-MS, Trace™ 1300, ISQ LT, Thermo Scientific). In the uD method, the
samples are poured into acid washed Petri dishes (55 mm diameter). 100 puL of 1 M H2SOa(aq) are
pipetted into 12 mL Sarstedt tube screw caps and centered on the Petri dishes. A 2-mm diameter
hole is drilled on the petri dish lids. The lids are sealed on top of the dishes using Vaseline. 1 mL
10 M NaOH(aq) is pipetted into the petri dishes through the holes, and the holes are immediately
sealed with Vaseline. The samples are left standing on a shaker for 15 h. The ion equilibrium is
thus shifted to favor NH3z which readily evaporates and is then slowly dissolved and captured as
ammonium sulfate in the acidic solution. Then, caps are taken out and the acid is diluted in 450
uL of milliQ water. In order to accurately detect NH3 (17 amu) and *®NHs (18 amu), and reliably
distinguish between ammonia and water, an organic ammonia derivative is produced through a
simple organic reaction. The 550 pL of samples are transferred to the 9MM AVCS KIT, clear vials
with PTFE/silicone caps from Thermo Scientific. Following the addition of 20 uL of 10 M NaOH,
100 pL of internal standard (p-toluenesulfonamide), 1 mL of dioxane, 2.5% of Na>COs and 50 pL
of benzenesulfonyl chloride, as suggested by Kataoka et al., the vials are shaken vigorously up and
down for at least 15 min. To remove the unreacted benzenesulfonyl chloride, two times extraction
with 3 mL of Hexane is performed after adjusting the pH to ~14 using 1.6 mL of 10 M NaOH. The
aqueous phase from the Hexane extraction is separated and mixed with 1 mL of 2 M HCI. Having
reached a pH of ~1, two times extraction with 3 mL of diethyl ether is performed to extract the
ammonia in the liquid samples as a benzenesulfonamide derivative. The organic phase from this
extraction is evaporated on a heating block and the residue is dissolved in 200 uL of ethyl acetate.
This sample is then analyzed using GC-MS [45]. The limit of detection of ®NH3 using this method
is 20 ppb. In all experiments, standard samples and two blanks are prepared and exposed to the
same method of isolation and derivatization.

3. Results and discussion
3.1. Surface characterization

The stoichiometry of four thin-film coatings prepared in different gas environment is determined
by XPS sputter depth profiles (shown in Figure S10), and the bulk averages are presented in Table
2, where the total non-metal constituents of the NbOxNy (x+y, also denoted as N+O) are also
presented together with the N/O ratio. These two parameters will henceforth be used to describe
the stoichiometry of the films. As can be seen, films #1 and #2 have a higher nitrogen content with
N/O ratios of 0.53-0.49 and lower total non-metal content (N+O = 1.22-1.28). films #3 and #4
which are deposited with a higher oxygen flow have lower N/O ratios (both 0.19) and a higher
total non-metal content with N+O at 1.43-1.52, compared to #1 and #2.

The Nb 3d spectra from the bulk of the pristine coatings (attained after 8 min sputter etching
using 500 eV Ar", at approximately 13 nm) is also presented in Figure 2. To fit each spectra using
the XPS peak software [46] two (doublet) contributions are required: One with the Nb 3ds/> peak
at 203.8-203.9 eV and Nb 3dz/. at 206.5-206.6 eV, which is in good agreement with both NbN and
NbO phases and is thus consistent with an oxynitride phase [47]. films #3 and #4 exhibit slightly
higher binding energies for the primary peak, which is consistent with a higher oxygen content.
These contributions have been fitted with an asymmetric peak shape, which is required to explain
the asymmetry of the Nb 3ds, peak and fits well with the fact that the films are electrically
conductive. For all the films, this oxynitride contribution makes out 88~89% of the total intensity.
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An additional, smaller, contribution (11~12% of the intensity) is found at higher binding energies
with Nb 3ds at 207.5~207.7 eV. This matches what is expected from Nb2Os [47], and also the
oxide found on the surface of the air-exposed films.

Table 2. Flow rates of O2 and N2 gas during the deposition process and resulting stoichiometries
of the NbOxNy films, determined by XPS depth profile measurements.

Surfaces  Oa/scem N / scem Average bulk composition / at.% Stoichiometry NbOxNy
Nb (0] N X y X+y y/x
#1 2.0 15 45% 36% 19% 0.80 0.42 1.22 0.53
#2 25 15 44% 38% 18% 0.86 0.42 1.28 0.49
#3 3.0 1.0 41% 49% 9% 1.20 0.23 143 0.19
#4 3.0 1.5 40% 51% 10% 1.28 0.24 1.52 0.19

Diffractograms from the pristine films are shown in Figure 2. All films are polycrystalline and
show clear characteristic diffraction peaks corresponding to the tetragonal (rutile) Nb(O,N).-type
structure but in addition, films #1 and #2 show peaks belonging to the cubic rocksalt Nb(O,N)
phase. Diffraction peaks are representative of the crystal structure of the film and as such do not
give direct evidence of chemical composition. The XRD measurements can therefore only confirm
the presence/absence of the rutile and rocksalt structures but the precise stoichiometry of each
phase cannot be determined from this data. However, substitution of O for N and vice versa will
result in an expansion or contraction of the crystal lattice with an associated shift in diffraction
peak positions relative to the pure nitride or oxide phases. Indeed, we observe such a shift for both
phases, indicating that both the rutile and rocksalt phases are oxynitrides. To highlight that peak
positions can be expected over a range of angles due to the varied O/N ratio we label peaks with
shaded areas in Figure 2.

3.2. Electrochemical analysis

The surfaces’ electrochemical behavior is observed to be highly dependent on both the N+O
stoichiometry and the N/O ratio. Figure 3 shows the voltametric profiles at a scan rate of
100 mV/s from OCP towards negative potentials, and the dynamic electrochemical
iImpedance spectra at four DC potentials for each surface, in both Ar and N2 environment.
For the three surfaces with lowest N+O stoichiometries, NbON#1, NbON#2 and NbON#3
the CVs collected in Ar saturated electrolyte demonstrate less negative onset potentials
(OP) and higher current than the ones collected in N2 saturated electrolyte, meaning that
HER is delayed on these three systems due to the presence of N2 in the electrochemical
environment. For NbON#4, on the other hand, the Ar and N> CVs are close to being
overlapped and the system clearly demonstrates lower capacitive and faradaic current in
both environments.
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Figure 2. Diffractograms from the pristine surfaces of NbOxNy obtained by grazing incidence
XRD (left) and Nb 3d spectra from XPS attained after sputter etching (right).

The results of the DEIS study are shown in the form of Nyquist plots in Figure 3.
NbON#1 (N+O = 1.22) and NbON#2 (N+O = 1.28), demonstrate no significant difference
between Ar and N2 environment for E1 and E2. Reaching E3, a lower charge transfer
resistance (Rct) is observed in Ar environment compared to N2. This can be attributed to the
later OP in N2, that is just reached at E4. This indicates that N> gas acts as an inhibitor for
HER on these surfaces. At this potential, a larger semicircle is observed for these two
surfaces, meaning a higher adsorption of species N2 environment as also demonstrated by
larger double layer capacitance [48] (2.0x10* and 5.9x10* uF cm in N2 vs. 8.4x107° and
5.4x10° uF cmin Ar for NbDON#1 and NbON#2, respectively).
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Figure 3. Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) study of
all surfaces in Ar (green) and N2 (black) gas. E1, E2, E3, and E4 in the Nyquist plots are equivalent
to open circuit potential (case sensitive), 0 V, -0.5V, and -0.7 V vs. RHE, respectively. All Nyquist
plots are plotted on square axes. The y axes of these plots (Z°/Q2) are not displayed to make the
figure less crowded.

When the N+O stoichiometry increases from 1.22 and 1.28 in NbON#1 and
NbON#2 to 1.43 and 1.52 in NbON#3 and NbON#4 which is closer to the rutile structure
(NbOy), a third charge transfer resistance is observed in the Nyquist plots collected in N2
environment, which is absent in Ar. This is demonstrated at potentials E1-E3 (Figure 3).
The presence of the third charge transfer at E1 and E2 is best seen in the Bode plot and
phase shift diagram (Figures S6 and S7 in the SI). We attribute this to an additional reaction
that is dependent upon the presence of N, which leads to a change in the reduction process.
For NbON#3 at potentials E1 and E2 lower impedance is observed in the N2 environment,
while NbON#4 demonstrates a similar impedance in both N2 and Ar, despite the difference
caused by the third charge transfer.

An important observation out of these plots is that at E3 for all the surfaces, the first
charge transfer (Rct) that occurs at high frequency ranges (102 — 10° Hz) and results in low
impedance values (real component as shown in the x-axis which is denoted as Rt values
in Tables S1 and S2) overlaps in most cases (Except for NbON#2) in Ar and N2 media. We
suggest this to be a result of the generation of vacancies from the reduction of oxides in the
structure, which is well-known to have a favorable Kinetics at these potential ranges [49,50].
This is further justified by the XPS analysis of the films after electrochemical experiments
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(Figure S13 and Table S5). In all cases except for NbON#2, the stoichiometries of O in the
bulk of the films are decreased after experiments compared to their initial states. The study
of oxide reduction is not within the scope of this paper and is therefore not further
addressed. No diffusion component (Warburg element) is observed in any surface, which
is an indication of the negligible effect of mass transport from the surface to the bulk of the
solution and conveys that the adsorption of species takes place. This effect is further
enhanced in the N2 environment at E4 for NbON#3 and NbON#4, where an inductor is
formed. This effect is not observed in Ar environment. According to Bai et al., inductive
behavior appears at faradaic potentials in systems containing at least one adsorbed
intermediate when the surface coverage of the intermediate decreases with increased
potential [51]. Based on this fact, the inductive behavior at E4 in NbON#3 and NbON#4 is
attributed to the initial coverage of surface by N species followed by subsequent release of
ammonia product. HER in both cases of Ar(g) and N2(g) in alkaline media takes place by
the adsorption of water molecules, leading to water reduction (HER, 2H,0 + 2e™ - H, +
20H").

Bode plots (Figure S6) present the stark difference in Ar vs. N> media for each
surface at E3 and E4, and a total impedance (|Z|) in the same order of magnitude at E1 and
E2. Furthermore, the phase shift diagram (Figure S7) clearly shows the existence of an
electrical double layer, which is accounted for in the equivalent circuit as a capacitor in
parallel with a resistor. We consider the Double Layer Capacitor (Cdl) component as a
Constant Phase Element (CPE) in the model circuit.

RE Rct2 Ret1
a)
CPE2 CPE1
b) RE Ret2 Rct3 Ret1
CPE2 CPE3 CPE1
RE Rct2 Ret1 L1
<)
CPE2 CPE1
d ) RE Ret2 Ret3 Ret1
CPE2 L1
CPE3
—

Figure 4. Models used for NbON systems; a) NbON#1 and NbON#2 in N2 and Ar; NbON#3 and
NbON#4 in Ar b) NbON#3 and NbON#4 in N2 at E1-E3, c) NbON#4 in N2 at E4; and d) NbON#3
in N2 at E4

Figure 4 demonstrates the circuits that were used to describe the DEIS data. Based
on the observations from the Nyquist (Figure 3) and Bode plots (Figure S6), all the curves
were both fitted to two charge transfer/ constant phase elements (Rc/CPE) as well as three
Rc/CPE for comparison. It was observed that the two (Rc/CPE) was the best fit for all the
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Ar data. This circuit was also the best representative model for the surfaces with higher
N/O ratios (NbON#1 and NbON#2) in N2> media. For the other two surfaces in the series
(NbON#3 and NbON#4), the three (Rc/CPE) in the model resulted in better fits (lower y?
value) in N2 media. Adding an inductor to the model for NbON#3 and NbON#4 in N>
environment at E4, also resulted in more accuracy in the fitting. As mentioned earlier this
inductive behavior is only observed on these two surfaces in N2(g) at E4 which is attributed
to a reduced coverage of adsorbed N intermediate at this potential.

3.3. Catalysis study and ammonia quantification

Figure 5 shows the total ammonia reaction rate and current efficiency measured from
electrocatalysis studies using our in-line quantification as described in section 2.3. The data is also
presented in Tables S3 and S4. For the catalysis, selected chronoamperometry loops are carried
out at (A) a potential close to OCP to allow the access of N to the surface and facilitate the
replenishment of the vacancies and NHz desorption, and (B) a potential close to the OP for
catalysis. The reader is referred to the SI, Figure S8 and Section 3, for an example of potential vs.
time and current density vs. time graphs in a chronoamperometry loop and details of the reaction
rate and current efficiency calculations, respectively. Generally, reaction rates are not high in this
system for any of the surfaces under study compared to systems where high surface area catalysts
with nanostructures are incorporated. In the case of thin film catalysts, the physical and
electrochemical active surface area are closely the same, and we correlate directly with surface
area but not catalyst mass.

The study reveals more ammonia production in Ar vs. N2 in NbON#1 and NbON#2 at most of the
potential combinations. We attribute this to surface instability, a circumstance that may be
prevented or decelerated through N2 adsorption when there is sufficient access to this gas in the
media. Moving on to the higher N+O stoichiometries, in all cases, considerably lower reaction
rates are observed from NbON#3 compared to NbON#4. However, NbON#4 demonstrates
significantly greater ammonia production rates in N> media compared to that in Ar at A = OCP
and OCP+0.2 V,and B=-0.2 V and -0.4 V.

For NbON#1, potential at B = -0.2 V, changing A does not drastically change the production rate
in N2 media. This is not the case at B =-0.4 V and -0.6 V where reaction rate substantially increases
when going from A = OCP to OCP+0.2 V. For NbON#2, at B = -0.2 V, reaction rate in Nz is
increased when moving from A = OCP to OCP+0.2V and further to OCP+0.4V. For NbON#1 and
NbON#2 however, at a fixed value of A, increasing the negative potential reduces the reaction rate
in N2(g) environment. Increasing the negative potential at fixed A in Ar(g) media, does not yield
a general trend for the reaction rate. It is clear however that at A = OCP+ 0.2 V, most nitrogen is
leached from NbON#1 and NbON#2 in the form of NHs. Only at A= OCP + 0.4 V and B = -0.2
V does NbON#2 show a higher reaction rate in N> compared to that in Ar.

In NbON#3, the reaction rate does not follow a pattern as a function of the applied
potentials, neither in N2 nor in Ar. It is furthermore evident that the reaction rates are quite low in
both media. At B = -0.4 V the lowest ammonia production rate is observed. This surface
composition appears to completely quench the leaching of surface nitride.
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Figure 5. Comparison of (a) reaction rate and (b) current efficiency in Ar (green) and N2 (black)
environments. Chronoamperometry was done in a loop for 10 s at a positive potential (A) and 10
s at a negative potential (B). The loop was repeated long enough to get three consecutive ammonia
measurements at each potential combination. Standard deviations of three measurements at each
potential combination are provided in Tables S3 and S4.

For NbON#4, the same N/O ratio is kept as for NbON#3 but the stoichiometry N+O vs Nb
is increased. This is the only surface that repeatedly produces ammonia to a greater extent in N>
than in Ar environment. In N2, A = OCP+0.2V and B = -0.4 V yields the highest reaction rate in
the chronoamperometry loop combinations. In Ar, the reaction rate increases with more negative
B, and with more positive A. It is only at B = OCP + 0.4 V when Ar starts to show comparable
and even higher reaction rates compared to that in No.

Current efficiency for NbON#1, NbON#2, and NbON#3 decreases when moving to more
negative B potentials both in Ar and N2. In most of the potential combinations higher current
efficiency is observed in Ar rather than in N2 medium. We conclude that all the ammonia produced
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from those surfaces is produced through surface nitride leaching. The evident decrease of leaching
when comparing NbON#1 and NbON#2 with NbON#3 can be attributed to the increased stability
of the surface with higher N+O stoichiometry, which is closer to the rutile stoichiometry of NbO..
In the case of NbON#4, ammonia production is observed with an opposite trend compared to the
other three surfaces, the efficiency increases as more negative potentials are applied, suggesting a
new mechanism. The observed trend in Ar environment for NobON#4 when compared with the
other three surfaces demonstrates an increased surface stability, and that for NbON#4, surface
bound nitride is significantly less leached at less negative potentials. The trend of decreasing
current efficiencies is visible when more negative potentials are applied in N2 environment,
suggesting a competition between NRR and HER. This is further elaborated in section 3.4.

Overall, from Figure 5 it is clear that the two chronoamperometry loops of A = OCP+0.2V
and B =-0.2 V on one hand, and A = OCP+0.2V and B = -0.4 V on the other demonstrate the
highest current efficiency and reaction rate for NoON#4 (1.5 x 107? + 7.9 x 10 mol cm™? s7,
8.47 +0.45 % and 2.3 x 1072 + 3.5 x 10" mol cm? s, 5.57 + 0.82 %, respectively). For these
potentials the greatest difference is also observed for NHsz production between N> and Ar
environment, in favor of Na.

Isotope labeling experiment, using *°N. reactant gas, was carried out on NoON#4 by
conducting chronoamperometry loops at potential combinations of -0.2 VV / OCP + 0.2 V, and -0.4
V /OCP + 0.2 V. No ®"NH; ammonia was detected, and the conclusion is that within experimental
error, no electrocatalysis was observed. The produced ammonia is thus fully attributed to nitrogen
leaching from the catalyst. The reader is referred to the Sl, section 10, Figures S14 and S15, for
the details of these experiments and the negative outcome.

3.4. The role of stoichiometries on ammonia synthesis mechanism

The N+O stoichiometry within NbON has a strong effect on the electrochemical reactions and
charge transfers occurring at the surface. As discussed in section 3.2, within Figure 3, all surfaces
show a sign of HER inhibition in N2 environment where more negative OP is observed. However,
from the lower to higher N+O stoichiometries, the surfaces move from only inhibiting the HER to
inhibiting HER plus an added third charge transfer observed in DEIS when exposed to No.

Nitrogen leaching of the NbON surfaces is further studied, by quantifying the ammonia
released in N2 containing electrolyte for an extended period at the OCP. As shown in Figure S4, a
continuous release of ammonia is observed with no current involved, as the lattice bound nitride
has the oxidation state of -3. By applying 0 V vs RHE, the ammonia release starts to decline and
reaches a background level. We therefore suggest a decoupled MvK mechanism where the first
ammonia is produced from protonation of the lattice bound N* (i.e. surface nitride) without any
electron transfer, following that, a nitrogen molecule is adsorbed and the first electron transfer step
is the reduction of the adsorbed N=N.

The proposed reaction steps are thus as follows: three protons are adsorbed to the lattice N
(Eq. 1). Then, the firstammonia is desorbed, forming an N vacancy on the surface (Eqg. 2). Nitrogen
is next adsorbed on the N vacancy and reduced. The first N atom replenishes the vacancy while
the second N atom sits on top of the surface (Eg. 3). Following this step, three protons are adsorbed
to the surface N (Eqg. 4). Finally, the second ammonia is desorbed, and surface is replenished (Eq.
5).
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The overall cathode reaction is then:

6H,0 + N, + 6e~ — 2NH; + 60H" (6)
At the anode we anticipate water to split according to alkaline environment:

40H™ - 0, 4+ 2H,0 + 4e~ )
Providing the overall cell reaction:

N, + 3H,0 - 20, + 2NH, )

The competing reaction mechanism is the production of H, upon proton adsorption through
the VVolmer step. This can happen through the adsorption of a proton to one Nb site as in equation
9a, or the adsorption of a proton to a surface nitride (N) as in equation 9b, primarily following a
Heyrovsky proton combination and desorption, as deducted from the EIS data. In either case,
hydrogen is released according to equations 10a and 10b.

H,0 + e~ + +NP— «Nb H 4 OH- (9a)
H,0+ e” ++«N—>«NH + OH" (9b)
H,0++NPH + e~ - «Nb + H, T +OH™ (10a)
H,0++*NH+e > «N+ H, T +0H™ (10b)

Hydrogen evolution reaction depends upon proton adsorption to the surface. The
competing adsorption of N> to the surface (reaction 3) may therefore lower the surface proton
coverage and slow down HER.

A reliable assessment of an electrocatalyst can only be based on the complete
electrochemical dataset as collected in this work. From the NRR studies for ammonia production
and the DEIS data we have demonstrated the following difference between the N+O
stoichiometries in the NbON series. For NbON#1 and NbON#2, the higher ammonia production
in Ar media is attributed to the inherent surface N atoms leaching out of the structure as the only
source of ammonia. Here we propose that nitrogen adsorption may inhibit the nitrogen leaching
and slow down HER. This is reflected in lower current and later OP observed for HER, the higher
charge transfer resistance and a higher double layer capacitance in N2 vs. Ar environment (Figure
3). The surfaces are however too unstable to be considered catalysts. This is clearly observed from
change of CV throughout the experiments (Figure S9). The XRD measurements of the surfaces
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after electrochemical experiments (see Figure S11 in the SI) do not show a drastic change in crystal
structure compared to their pristine forms. However, the XRR analysis of used surfaces (Figure
S12) shows a significant increase in surface roughness which prevents the evaluation of layer
thicknesses and density profiles. Furthermore, XPS measurements of the films after
electrochemical experiments in N2(g) (Figure S13) reveal different profiles compared to the
pristine films. Table S5 provides the stoichiometries of the pristine and used films in the bulk and
the top layer of the surface. Bulk and top stoichiometries are considered as the average of atom
concentrations from 4 — 16 min and from 2 — 4 min of sputtering time, respectively. All catalyst
films develop more oxygen into their composition in the top layer compared to their pristine state
while either maintaining the nitrogen composition in cases of NbON#1 and NbON#2 or increasing
the nitrogen composition in cases of NDON#3 and NbON#4. In this sense, used NbON#4 is the
only surface with a top layer non-metal stoichiometry (x+y = 1.98) closest to a perfect rutile
structure of NbO,. We attribute this to immediate oxidation of vacant sites when exposed to air
after electrochemical studies. The bulk composition, on the other hand, shows an increase in
nitrogen stoichiometry for all the films with the most significant increase being that of NoON#4.
Oxygen stoichiometry in bulk decreases in all cases except for NbON#2 and again the most
pronounced decrease is that of NbON#4. This decrease in oxygen stoichiometry is attributed to
lattice oxide reduction under experimental overpotentials. The vacancies left from this step seem
to be refilled with N. As we have observed significant changes in electrochemical behavior
between NbOxNy thin films, such a change in chemical composition during electrocatalysis may
result in a severe change in the catalytic efficiency.

As the N content decreases and N+O stoichiometries increase in the series of films, the
surface stability increases. NbON#3 demonstrates the least activity towards ammonia production,
but at the same time, we observe that this production is not the result of N> reduction (Figure 5).
This surface still demonstrates three charge transfers in N2 while only two in Ar (Figure 3),
indicating that this surface may facilitate NRR.

Moving to the highest N+O stoichiometries, while maintaining a similar N/O proportion,
NbON#4 demonstrates higher reaction rates for ammonia production in N2 compared to Ar. This
surface has a more pronounced third charge transfer in N2 environment, but not in Ar as
demonstrated in the DEIS data. Furthermore, NbON#4 has the highest reaction rate and current
efficiency in N2 environment, when compared with all the other surfaces.

We suggest three different electrochemical reactions facilitated by charge transfers
within this system 1) NRR (reaction 3), 2) HER (reactions 9 and 10), and 3) oxide reduction
from lattice oxide. In Arg) environment we can anticipate observing charge transfer for
HER (2) and ORR (3), but charge transfer (1) can only be observed in N2 environment that
allows for N2 adsorption and reduction thereof. The protonation of surface N does not
involve an electron transfer, but a combination of charged species, and can therefore be
available at OCP. The negative reduction potentials are however needed for reducing the
nitrogen molecule upon adsorption and prepare it for further protonation (Eq. 3).

NbON#3 and NbON#4 are therefore likely to undergo similar reaction pathway but with
different impedances. The presence of the third charge transfer is observed with decreasing N/O
ratio, and its physical parameters appear to depend upon the N+O stoichiometry. The
stoichiometry, furthermore, is an important factor for the surface stability. The combination of
increased N+O stoichiometry and decreased N/O ratio (while still maintaining some N) appears to
be a two-dimensional optimization path that is needed for a stable NbON catalyst for nitrogen
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reduction. The electrochemical environment is a third but no less important factor. A faster
removal of surface N for NH3 production (reaction 1) than adsorption and reduction of N2 (reaction
3) can result in the surface N/O ratio falling, drastically increasing the surface impedance, and
therefore changing its electrochemical behavior. The reaction rate and current efficiency of the
catalysis therefore comes to a sudden halt.

4. Conclusions

In this study we explore whether niobium oxynitrides are catalytically active, selective, and stable
towards electrochemical reduction of dinitrogen to ammonia in an aqueous electrolyte at ambient
conditions. We utilize several electrochemical approaches to understand the underlying
mechanism for NRR. These include cyclic voltammetry and electrochemical impedance
spectroscopy together with chronoamperometry measurements combined with an accurate
ammonia quantification in N2 and Ar media. Thin films of rutile NbOxNy were synthesized with
different x+y stoichiometries and the effects of the stoichiometric ratios on the NRR performance
were investigated. The impedance spectroscopy shows significant differences and signs of
catalytic ammonia formation with the initiation of an N> dependent charge transfer as x+y
stoichiometries increase from 1.22 in NbOosoNo.42 to 1.52 in NbO128No2s. Furthermore,
NbO1.28No.24 demonstrates higher ammonia production rate and current efficiency in N2 vs. Ar.
Therefore, our results have shown the effect of stoichiometric ratios of y/x and x+y in the NbOxNy
catalyst on the nitrogen reduction reaction. Despite these promising results, °N. isotope labeling
demonstrates that the catalyst system is not stable enough to maintain ammonia production
throughout the experiment to produce sufficient quantities of **NH3 for detection, as determined
by detection of only **NHs with GC-MS while supplying *°N; to the reactor as feed gas. We
attribute this to low reaction rates and lack of surface stability, resulting in higher concentrations
of ¥*NHs (**N derived from surface, the first steps of the MvK mechanism) but too low proportion
of ®NHa/**NH; for detection. This can be a result of insufficient access of N2(g) to the electrode,
slowing down the refurbishment of surface vacancies for continued catalysis. The results, however,
provide guidelines for further research regarding surface engineering. Stability of the catalyst and
the electrochemical reaction environment can be improved via various routes that are currently
being studied in our research group. This study, moreover, demonstrates that following strict
experimental protocols is essential to prevent the report of misleading results and false positives.
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1- Materials for electrochemical experiments and product detection

The electrolyte used in all the experiments was 0.1 M potassium hydroxide (KOH, Merck, >85%)
in ultrapure water (MilliQ®, Grade 1).

Sodium hydroxide (NaOH, Fluka, >98%), Sulfuric acid (H2SO4, Merck, 95-97%), ortho-
phthalaldehyde (OPA, Sigma-Aldrich, >99%), ethanol (C.HsO, Riedel-de Haén, >99.8%),
disodium tetra borate decahydrate (Na:BsO7.10H20, Merck, 99.5%), sodium sulfite (Na2OsS,
Sigma-Aldrich, 98-100%), and triton X-100 ((C2H40)nC14H220, Sigma-Aldrich) were required for
ammonia determination and quantification.

Ammonium chloride (NH4ClI, Merck, 1000 mg/l NHa4 in H20), hydrochloric acid (HCI, Fluka,
>37%), benzenesulfonyl chloride (CeHsSO2Cl, Sigma-Aldrich, 99%), sodium carbonate (Na2COg,
Fluka, >99.5%), 1,4-Dioxan (C4HsO2, Merck, 99.5%), p-toluenesulfonamide (C7H9sNO2S, Sigma-
Aldrich, >99%), n-hexane (CeH14, Riedel-de Haén, >99%), diethyl ether (CsH100, Riedel-de Haén,
>99.8%), and ethyl acetate (C4HgO2, Riedel-de Haén, >99.7%) were the chemicals used for
ammonia derivatization.
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2- Micro-reactor flow-cell and sequential injection analyzer (SI1A)

Reference electrode seat

Electrolyte Inlet Electrolyte Outlet

Counter electrode —_—

Spacer \ B

(Gas + Electrolyte) Inlet

Nafion Membrane

. «—(Gas + Electrolyte) Outlet

O-ring

Catalyst

ASX-520
AutoSampler

Figure S1. (Top) Exploded view of an upgraded commercial Antec micro-reactor modified with a
PEEK spacer to separate the working and the counter compartment by means of Nafion membrane.
(Bottom) Electrochemical micro-reactor flow-cell setup in-line with the ammonia measurement
unit.
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Figure S2. The illustration of the setup used for NRR in-line with ammonia measurement unit. The
outlet of the working compartment of the micro-reactor is collected in an acid trap and the mixture
is sent for analysis to the sequential injection analyzer (SIA).
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3- Ammonia measurement calculations

Quantification of ammonia contained in the samples was performed based on two sets of calibration
in the beginning and at the end of each electrochemical experiment. The standards were prepared
in a mixture of 2:1 (v/v) of 0.1 M KOH and 0.5 M H>SO4 (matrix matched with the samples from
the experiment) and sent to the SIA using an autosampler. A linear regression was the best fit to
the calibration data, correlating ammonia concentration to the intensity of the fluorescence
emission. Figure S3 shows a typical calibration curve in the SIA.

16000 .

14000 -

12000 - y =6.43*10" x - 48.50
r? = 0.9988
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6000 y = 6.57*10* x - 66.70
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4000 -

2000 -

—Calibration Before EC
——Calibration After EC
I

0
0 0.05 0.1 0.15 0.2 0.25
Concentration / ppm

Figure S3. Ammonia calibration curve before and after an electrochemical experiment.

Based on the calibration curve, the ammonia concentration in the electrolyte was known in
ppm after correcting for the dilution caused by the acid trap. This value was converted to N-atoms
considering the volume of 200 pL for the sample loop. The background N-atoms was subtracted
from the N-atoms produced in each step. The total N-atom produced for each chronoamperometry
combination was calculated by summing up the 3 subsequent N-atoms (since for each combination
3 measurements were done). This value was converted to moles of ammonia. Reaction rate in
mol/cm?/s was calculated from the total moles of ammonia divided by the active working electrode
area (1.9 cm?) and the reaction time (the total time of applying potential). Current efficiency was
accordingly calculated accounting for 3 electrons per molecule of NH3 produced.
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Figure S4. Ammonia intensities and concentrations in N2 environment. Red columns show the
cleaning peaks right after assembling the reactor there is inevitably some environmental
contamination that is washed of by the flow of the electrolyte. Blue columns are the ammonia
produced at OCP. Yellow peaks are after applying 0 V vs RHE. The red line represents the limit
of detection which is 0.4 ppb.
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4- Comparison of system response with and without the gas flow
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Figure S5. Comparison of the Nyquist plots in NoON#1 (a) at OCP, (b) in the capacitive zone, (c)
at OP, and (d) in the faradaic zone with and without direct bubbling of the gas inside the working

electrode compartment.
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Table S1. Equivalent circuit and fit parameters in Ar

5- Equivalent circuits fit parameters

Model Parameters Unit E1l E2 E3 E4
Re Q 12.01 11.95 12.53 12.5
Rt Q 37690 276610 628.3 2.29
bn CPELT uF/cm? 1.48E-4 3.14E-4 7.76E-4 2.72E-3
b CPE. P - 0.89 0.83 0.80 1
Q a Reo o 3.22 25 5.47 8.2
Z CPE, T HF/cm? 9.50E-5 6.88E-5 2.27E-4 8.70E-5
CPE, P - 0.87 1 0.91 0.95
2 - 8.35E-5 1.32E-4 1.44E-4 6.92E-5
Re Q 12.26 12.28 12.29 13.22
Rett Q 47503 163870 1044 46.98
Q CPELT uF/cm? 1.22E-4 3.52E-4 9.56E-4 7.98E-4
b CPE.1 P - 0.88 0.80 0.74 0.77
Q a Rez Q 50.46 475 48.07 4773
Z CPE. T uF/cm? 8.54E-6 7.94E-6 8.19E-6 5.40E-6
CPE, P R 0.87 0.88 0.88 0.91
2 - 4.92E-4 4.80E-4 6.32E-4 1.84E-4
Re Q 14.47 14.84 14.26 15.01
Ret Q 105640 56864 23847 103.8
V) CPELT pF/cm? 1.20E-4 2.07E-4 5.61E-4 7 37E-4
pd a CPE1 P - 0.90 0.85 0.81 0.72
Q Rz Q 22.66 20.08 23.57 171
Z CPE. T pF/cm? 3.33E-5 1.62E-5 5.56E-5 1.31E-5
CPE, P - 0.75 0.82 0.70 0.84
7 - 5.68-4 2.93E-4 8.43E-4 4.23E-4
Re Q 13.59 13.64 13.57 13.69
Rett Q 45597 33375 542.4 1095
I CPELT pF/cm? 1.09E-4 2.51E-4 6.76E-4 7 57E-4
pd CPE. P - 0.88 0.82 0.72 0.76
Q a Rz Q 487.8 461.6 352.7 210.9
> CPE. T uF/cm? 3.97E-6 3.95E-6 3.72E-6 3.61E-6
CPE, P - 0.95 0.95 0.95 0.95
2 - 7.00E-5 1.14E-4 6.41E-5 4.78E-5
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Table S2. Equivalent circuit and fit parameters in N2

Model Parameters Unit El E2 E3 E4
Re Q 9.82 9.94 10.04 10.3
Rett Q 22942 17569 12168 81.8
b CPE:T pF/cm? 1.44E-04 3.43E-04 6.60E-04 4.93E-04
z a CPE. P - 1 1 0.74 0.82
Q Rz Q 2693 3594 8.79 9.23
pd CPE2 T pF/cm? 2.77E-04 2.82E-04 1.25E-03 3.37E-04
CPE2 P - 0.77 0.78 0.75 0.85
v - 2.15E-4 2.18E-4 4.79E-4 9.70E-5
Re Q 11.76 12.73 12.1 9.68
Rett Q 66445 25433 28606 129.6
N CPEL T HF/cm? 1.51E-04 2.68E-04 8.41E-4 6.47E-4
pd CPE: P - 0.87 0.81 0.74 0.25
Q a Rez Q 7.92 5.70 12.73 24.1
pd CPE2T pF/cm? 1.92E-4 1.01E-05 1.89E-3 6.34E-3
CPE2 P - 0.58 0.86 0.39 0.25
2 - 3.84E-4 2.69E-4 8.07E-4 1.15E-3
Re Q 13.81 13.85 13.84 14
Rett Q 27944 10725 1977 100.3
L1 H N/A N/A N/A 18.21
™ CPEL T HF/cm? 1.47E-04 3.02E-04 9.93E-04 N/A
R “lJ < CPE1P - 1 1 1 N/A
prd gy Rtz Q 21.23 21.69 21.92 18.83
Q w® CPE2T pF/cm? 4.46E-06 4.37E-06 5.71E-06 3.52E-6
pd ® T CPE2 P - 0.94 0.95 0.92 0.97
o Rets Q 2705 1966 1067 169.1
CPEsT HF/cm? 1.08E-04 1.53E-04 1.82E-04 2.46E-4
CPE3 P - 0.89 0.88 0.90 0.84
2 - 2.11E-4 2.31E-4 5.48E-4 1.73E-4
Re Q 15.19 14.94 15.41 14.94
Rett Q 31229 16498 1007 221
L1 H N/A N/A N/A 19.14
™ CPEL T pF/cm? 1.50E-04 2.72E-04 1.11E-03 7.50E-4
3| Y« CPE. P - 0.95 1 1 0.60
pd o Wy Ret2 Q 291.1 292.6 291.4 223.9
Q ) CPE> T pF/cm? 4.07E-06 4.03E-06 4.06E-06 3.56E-6
pd ® © CPE2 P - 0.95 0.95 0.94 0.96
o Rets Q 760.6 920.3 573.1 N/A
CPEsT HF/cm? 1.71E-04 1.73E-04 1.46E-04 N/A
CPE3 P - 0.80 0.80 0.91 N/A
% - 6.07E-5 7.41E-5 2.10E-4 4.98E-4
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6- Bode plots
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Figure S6. Bode plots recorded for the four series of NbON at open circuit potential (OCP),
capacitive zone, onset potential (OP), and faradaic zone. The logarithm of total impedance (|Z|) is
plotted against the logarithm of the frequency of the applied potential.
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Figure S7. Phase shift diagram recorded for the four TMNs at open circuit potential (OCP),
capacitive zone, onset potential (OP), and faradaic zone.
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7- Data on Reaction rates and current efficiencies

Table S3. Ammonia reaction rates obtained in the chronoamperometry loops at 8 potential
combinations. All the numbers are above the limit of detection of the method.

Reaction rate / mol cm32s?

Ar(9) N2(9)
ocP OCP+02V | OCP+04V oCP OCP+02V | OCP+04V
02V 159x10%2+ | 3.08x10%2+ | 168x10%7+ | 101x10%2+ | 121x1012+ | 1.22x10%2+
- 4x1013 2x1013 9x1013 9x1013 1x1012 8x1013
; 04V 437x100 = | 276x102+ | 239x107 % | 2 67x10% + | 9.4x10% = | 9.44x10%° +
Q 3x10°13 9x1013 1x10%2 1x10-18 ox10-13 4x10-13
< 06V 7.06x107 + | 3.91x10%2+ ] 2.08x10% + | 7.22x10% = _
5x1013 1x1012 2%1013 Ax1013
1.44x102+ | 2.65x102+ | 1.43x102% | 1x102+ | 1.66x102% | 2.25x1072+
N 02V 4x1018 2x103 8x10713 2x10°13 9x10°13 9x10°13
; 04V 3.85x10%¢ | 1.99x102+ | 1.69x107+ | 4.08x107 = | 6.77x107 = | 1.33x102 +
Q ' 1x1013 4x1013 8x10°13 41014 2x10°13 1x1013
z 557x1083+ | 2.62x1072 % 4.33x103 = | 4.03x108 +
06V 2x10°13 5x1013 ) 7x10714 1x103 )
0.2V 474x108+ | 320x103+ | 2.26x10%3+ | 2.83x101+ | 243x10T £ | 5 09x1013 +
@ 4x101 7x1014 7x1014 41014 8x10 8x1014
% 04V 576x10+ | 1.50x100+ | 1.63x100+ | 8.66x10%°+ | 1.26x100+ | 1.60x10%3 +
2 2x1014 3x1075 1x10713 3x1074 1x10714 4x10714
z 06V 457x10 = | 2.87x100 ¢ ] 1.84x108 + | 2.49x107 = ]
8x10714 2x1014 5x10714 9x1075
251x10%5+ | 3.58x100+ | 8.91x100+ | 1.19x102+ | 1.48x102+ | 8.50x1083 +
- 02V 4x1015 2x1013 7x10714 6x10°13 8x10714 2x10°13
; 04V 336x10°+ | 8.37x10B+ | 1.55x102+ | 1.26x102+ | 2.34x102+ | 1.41x10%2+
Q ' 2x10°13 2x10°13 9x1014 5x10°13 3x10°13 5x10°13
z 756x108+ | 1.26x1072 = 8.61x108+ | 1.44x1012+
06V 2x10°13 4x10°13 ) 2x10°13 3x10713 )
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Table S4. Ammonia current efficiencies obtained in the chronoamperometry loops at 8 potential
combinations.

Current efficiency / %
Ar [\\P3
A ocP OCP+02V | OCP+04V ocP OCP+02V | ocpP+04vV

< -0.2V 3.07+0.84 | 845+0.48 4.61+253 228+200 |339+3.04 |341+217
Z -04V 053+041 | 365+1.17 3.60 £1.92 0.31+0.13 | 1.09+0.21 | 1.07+0.44
3
zZ -0.6V 0.32+0.22 | 1.89+051 - 0.05+0.05 | 0.16+0.11 -
o~ -0.2V 3.72+0.98 | 9.00+0.59 4.84 +2.60 221052 |377+219 |52+212
T
z -04V 0.59+0.26 | 3.28+0.67 2.91+1.46 098+0.10 | 1.63+046 | 3.75+0.37
3
zZ -0.6V 0.52+0.20 | 2.40+0.48 - 0.80+0.13 | 0.66 £0.22 -
© -0.2V 152+0.12 | 1.13+0.23 0.78 £ 0.24 1.31+£0.17 | 1352044 | 1.21+0.49
P4 -04V 0.11+0.04 | 0.30+0.01 0.33+0.30 025+0.10 | 0.35+0.04 | 0.46+0.13
3
Z -0.6 V 0.04+0.08 | 0.27+£0.02 - 0.26 £0.08 | 0.36+0.01 -
< -0.2V 0.01£0.01 | 1.02+0.49 3.71£0.28 520+287 |847+045 |6.31£1.20
H+
% -04V 0.72+0.46 | 2.04+0.59 6.51+0.39 322+137 |557+0.82 |209+0.68
Q
Z -0.6V 1.7+0.46 3.66 +1.13 - 0.62+0.17 | 0.82+0.17 -

08 " ‘ ' 1 100
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Figure S8. Example of a chronoamperometry loop run between -0.4 V and OCP. A
chronoamperometry loop between two fixed potentials is run for 1800 s (3 consecutive ammonia
measurements) before switching to the next loop.
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8- Stability checks during experiments
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Figure S9. Total charge in the CVs recorded after each chronoamperometry loop for each surface
in Ar (green circles) vs. N2 (black diamonds).
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9- Surface characterization
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Figure S10. Sputter depth profiles for the pristine NbON surfaces, attained using X-ray
photoelectron spectroscopy (XPS) and 500 eV Ar* etching. All surfaces demonstrate a uniform
bulk chemical composition immediately below the native oxide layer.
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Figure S11. Grazing incidence x-ray diffraction (GIXRD) measurements on the NbON surfaces
after experiments in Ar (green dashed lines) and N2 (black dotted lines) overlaid on the pristine
measurements before experiments (blue solid lines). Note that the silver peaks(Ag) in some cases

are the result of silver paint application to the edges of the films which was not completely removed
before XRD measurements.
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Figure S12. X-ray reflectivity (XRR) measurements on the NbON surfaces after experiments in Ar
(dashed green lines) and N> (dotted black lines) overlaid on the pristine measurements before
experiments (solid blue lines). The sort of information that can be derived from a typical XRR plot
is marked on the figure for NoON #2.
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Figure S13. Sputter depth profiles for the NbON surfaces after electrochemical experiments in
N2(g), attained using X-ray photoelectron spectroscopy (XPS) and 500 eV Ar* etching.

Table S5. Comparison of the stoichiometries of the NbON films in pristine form and after
electrochemical experiments in N2(g). Top layer is considered to be the average composition

between 2 and 4 minutes of sputtering time. Bulk composition is the average of points between 4
and 16 minutes.

NbON #1 NbON #2 NbON #3 NbON #4
Pristine film (bulk) NbOo.s0No.42 NbOo.s6No.42 NbO1.20No.23 NDbO1.28No.24
Used film (bulk) NbOo.75No.4s NbOo.ssNo.47 NbO1.10No.35 NbO1.0sNo.s7
Pristine film (top layer) NbO1.01No.34 NbO1.11No.30 NbO1.22No.24 NbO1.20No.27
Used film (top layer) NDbO1.46No.33 NbO1.35No.32 NbO1.42No.35 NDbO1.66No.32
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10- Isotope labelling experiments

Based on the method described in the experimental section of the article, ammonia is derivatized
from the samples in the form of benzenesulfonamide (BSA) prior to injection to the GC-MS. The
mass to charge ratios of 157 amu and 158amu represent *NHs and ®NHz BSA derivatives of
benzenesulfonyl chloride (BSC), respectively. Figure S11 shows the calibration curve for 1*NHs.
Due to the natural abundance of '3C in the final product, ®*’BSA always contains a natural
abundance of ®BSA. This is also shown on the calibration curve. Figure S14 shows the sample
analysis from the isotope labelling experiment. All the samples only contain °’"BSA and 1*®BSA is
not any higher than the natural abundance of the 1*’BSA.
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Figure S14. Calibration curve for 1*NHz which is derivatized in the form of *’"BSA. The natural
abundance of *®BSA is also shown on the graph.
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Figure S15. Peak integration of the samples taken from the *°N experiment. The peak integration
of the blank sample (electrolyte prior to entering the reactor) is withdrawn from all the samples.
The experiment started with the flow of Ar(g) in the system, with no applied potential. Then the
gas was shifted to °N, again no potential application. It is interesting to see that even though the
gas is purified prior to entering the reactor, ammonia is detected higher than the background level.
This is due to the chemical leaching of the surface bound nitride in 0.1 M KOH electrolyte. Loop
1 and Loop 2 are (-0.2V/OCP +0.2 V) and (-0.4 V/ OCP + 0.2 V), respectively.
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