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Abstract

Commercial design of a sustainable route for on-site production of ammo-
nia represents a potential economic and environmental breakthrough. In an
analogous process to the naturally occurring enzymatic mechanism, synthe-
sis of ammonia could be achieved in an electrochemical cell where electric-
ity would be used to reduce atmospheric nitrogen and water into ammonia
at ambient conditions. Despite significant progress made in this regard, at
present there exists no (electro-) catalyst that can produce ammonia effi-
ciently from air and water at room temperature and ambient pressure due
to slow kinetics and low Faradaic efficiencies. A rapid and facile reduction
of nitrogen to achieve sustainable and energy-efficient production of ammo-
nia is critical to its use as a hydrogen storage medium, chemical feedstock,
and especially for manufacturing inorganic fertilizer. For a decentralization
of catalytic ammonia production, small-scale N, reduction devices are re-
quired that are equipped with the most stable, selective, and active (electro-)
catalysts that operate at low temperature and ambient pressure.

In this thesis we report the computational design of potential new and cost-
efficient electrocatalysts with transition metal nitrides, which enable elec-
trochemical reduction of molecular nitrogen to ammonia in aqueous media
at ambient conditions with only a low applied bias. The electronic struc-
ture calculations at the density functional theory level are used to appraise
the performance of this new class of material for electrochemical ammonia
production. The predominant reaction mechanism making this feasible is
found to be the Mars-van Krevelen mechanism instead of the conventional
associative or dissociative mechanisms. The most promising electrocatalysts
are RuN, VN, CrN, ZrN, and NbN, which are identified among a range
of transition metal nitride surfaces through a comprehensive density func-
tional theory based analysis. All five nitrides are found to be more active
toward nitrogen reduction than toward the competing hydrogen evolution
reaction, in contrast to pure metal catalysts which largely evolve hydrogen.
Furthermore, their stability against poisoning and possible decomposition



under operating conditions is also studied. Particular single-crystal sur-
faces are needed for highly-efficient ammonia formation, as polycrystalline
surfaces may result in decomposition of the whole catalyst. We suggest
that this is a promising step toward the development of a method for syn-
thesizing ammonia cheaply, to prepare high-value-added nitrogenous com-
pounds directly from air, water, and electricity at ambient conditions. An
additional benefit to the present analysis is that the scheme used in this
work may be applicable to other aqueous phase catalytic reactions, where
a Mars-van Krevelen mechanism is operative and product selectivity and
activity are key catalytic criteria.
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Transition Metal
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Figure 1: This cartoon illustrates an overview of this thesis regarding the approach
and outcome. The predicted onset potentials for electrochemical ammonia formation
are mentioned as well as the current efficiency anticipated to achieve.
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Utdrattur

Honnun 4 sjalfbeerri leid til ad framleida ammoniak geeti leitt til efnahags-
legrar og umhverfislegrar byltingar. Med svipudu ferli og 4 sér stad i ensim-
um { bakterfum { jardvegi veeri haegt ad framleida ammoniak med rafefna-
freedilegum adferdum par sem rafmagn eda sdlarorka veeri notad til ad afoxa
nitur 4r andrdamsloftinu { vatnslausn og mynda ammoéniak vid nattarulegar
adsteedur. T dag hefur ekki enn verid haegt ad utbua slikt kerfi vegna heegs
hvarfhrada og lagrar nytni. Pratt fyrir ad mikil framfor 1 att ad pessu tak-
marki hefur att sér stad sidustu ar og dratugi pa er i dag enginn efnahvati
til sem hvatar petta efnahvarf rafefnafreedilega i ammoniak 4 nytanlegan
hatt fra lofti og vatni vid herbergishita og venjulegan loftprysting. Hrd6 og
sérteek afoxun niturs fyrir sjdlfbeera og orkulega hagkveema framleidslu 4
ammoniaki er lykillinn til ad heegt sé ad nyta petta ferli fyrir vetnisgeymslu,
sem milliskref 1 efnaidnad, eda til framleidslu & Olifreenum aburdi sem veeri
hugsanlega mesta notagildi 4 slikri adferd. A pennan hatt veeri heegt ad hafa
dreifda dburdarframleidslu & smaum skala par sem N veeri afoxad i litltum
hvarfklefum sem veeru med rafefnahvata sem veeri stodugur, sértekur og
virkur fyrir amméniaksmyndun vid umhverfisadstedur.

[ pessari doktorsritgerd er kynnt til sogunnar reikniefnafreedileg honnun &
mogulegum nyjum og hagkveemum rafefnahvotum, malmnitrid, sem geetu
framkveemt rafefnafraedilega afoxun 4 nitursameindinni { ammonfak { vatns-
lausn vid herbergisadsteedur og vid ldga rafspennu. Skammtafredilegir
reikningar med péttnifellaadferdinni (e. density functional theory, DFT) eru
notadir til ad rannsaka pessa nyju tegund efnahvata fyrir rafefnafreedilega
ammoéniaksmyndun. Orkuleegsti hvarfgangurinn fyrir petta ferli er hinn
svokalladi Mars-van Krevelen hvarfgangur i stad hefdbundna hvarfganga
& bord vid sameindahvarfgangs eda sundrunarhvarfgangs. Ahugaverdustu
rafefnahvatarnir reyndust vera RuN, VN, CrN, ZrN og NbN samkveemt
skammtafraedilegu reikningunum par sem mikill fjoldi af mismunandi malm
nitridum voru skodud itarlega. Oll fimm nitridin eru spad vera virk og sér-
teek fyrir afoxun niturs i stad pess ad mynda vetnisgas sem er samkeppnis-
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hvarf, en hvatar tr hreinum malmum mynda frekar vetnisgas i stad amm-
6niaks. Pessi fimm dhugaverdustu malmnitrid eettu einnig ad vera stodug
med tilliti til ad pau skemmast ekki i raflausninni né eydast eda sundrast
vid peer rafefnafreedilegu adsteedur sem pau purfa ad geta polad. Sérstok
einkristollud yfirbord geeti purft ad nota til ad na fram hérri nytni 4 amm-
6niaksmyndun par sem margkristollud yfirbord geetu leitt til ad efnahvatinn
eyOist upp { ferlinu. Pessi préunarvinna geeti reynst mikilveegt skref { 4tt
a0 adferd sem getur framleitt ammoniak 4 6dyran hatt fra nitri andrims-
loftsins, vatni og rafmagni vid venjulegur umhverfisadsteedur. Aukalegur
dvinningur af adferdafreedinni sem hér hefur verid préud er ad heegt verdur
ad nota svipada adferd til ad rannsaka 6nnur efnahvotud hvorf { vatnslausn-
um par sem Mars-van Krevelen hvarfgangurinn er mogulegur og par sem
sérteekni & myndun dkvedinna myndefna og virkni efnahvatanna eru lykil-
skilyroi.
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Mynd 2: bessi skijringarmynd synir yfirlit yfir efni ritgerdarinnar hvad vardar
adferdir og nidurstodur. Synd eru spennugildi fyrir rafefnafraedilega ammoniaks-
myndun sem spdo er fyrir um auk rafstraumsnijtni.
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Introduction

The concept of chemical synthesis of ammonia directly from its elements
materialized in 1913 [I] with the inauguration of the first industrial plant
for production of the artificial nitrogen-based fertilizer. This turned out to
be one of the most substantial scientific realizations of the 20th century tran-
spired by Fritz Haber’s inventive talent (Nobel Prize winner in 1919) and
Carl Bosch’s engineering skills (Nobel Prize winner in 1931), which susbtan-
tially contributed to the “’Green Revolution and Industrialized Agriculture”
[2H4]. In all pre-industrial agriculture, nitrogen was the most commonly
yield-limiting nutrient [4], and only the Haber-Bosch synthesis of ammonia
broke this barrier. The ability to turn the nitrogen in air into fertilizer has
enabled feeding billions more people than our planet could otherwise sup-
port. Without ammonia, thus deprived of inorganic fertilizer, almost half
the world’s population would be at risk of starvation [3]. Human survival
has thus been depending a great deal on the Haber-Bosch process, which
is the most pivotal industrial installation for catalytic cleavage of N, and
hydrogenating nitrogen to ammonia heterogeneously over promoted tran-
sition metal-based catalysts [2].

From the beginning of industrialization, and in line with the world’s pop-
ulation growth, global energy consumption and energy demand have also
been projected to increase. Although such demand has been met from rapid
consumption of fossil energy resources, this approach has led to the ac-
cumulation of CO; emissions in the atmosphere. Obviously, efficient and
secure energy is the main enabler for welfare and economic development
of any society. Modern lifestyles demand a steady and reliable supply of
energy, which has roots in our mobility, prosperity and daily comfort, but
we should not take this energy security for granted. As energy-related ac-
tivities have significant environmental impacts, it is crucial to provide an



1. Intro

energy system which covers the needs of the economies and preserves the
environment. Aside from hydrogen - the cleanest fuel and a green en-
ergy carrier - ammonia provides the only carbon-free chemical energy stor-
age/carrier solution, offering advantages in terms of energy capacity and
distribution infrastructure without causing end-user CO, emissions (unlike
methane and methanol). Thus ammonia, with its high hydrogen density,
could be an interesting companion to hydrogen for energy storage and en-
ergy carrier purposes [5].

Ammonia is a precious commodity in the supply chain of both food and
energy, and therefore plays an important role in the development of hu-
man life. This has triggered numerous interests in developing alternative
routes in pursuit of a more decentralized and environmentally friendly ap-
proach for ammonia synthesis. This thesis explores an alternative synthesis
of ammonia from heterogeneous reactions of its reactants on the surface of
transition metal nitride catalysts at ambient conditions where protons could
come from a proton-donor-containing solution while the electrons would be
driven to the electrode surface by an applied electric potential.

1.1 Growing energy demand

In the pre-industrial age, the required energy of societies was dependent
on plants when biomass was the only energy carrier. The consumption of
plants did not change the environment because the CO; liberated by the
humans and animals was reabsorbed by the plants during photosynthesis.
Since the beginnings of industrialization in the early 1800s, energy require-
ments have been rapidly increasing and different sources of energy have
been utilised to meet this vital increasing demand as represented in Figure
1.1. The amount of energy provided by biomass remained almost constant,
but new sources (like fossil fuels, natural gas and renewable energies) ap-
peared helpful in providing the required energy of the world. Consequently,
the world energy consumption started to increase from 5 x 10'> kWh/yr
in 1860 and reached 1.58 x 10'* kWh/yr as today, and the amount of CO;
and other greenhouse gases (GHG) increased in parallel.
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Figure 1.1: Energy demand according to the energy carriers over the last 200 years.
The figure is adapted from [6]].

1.2 Ammonia and its importance in human lives

Ammonia (NH3) is a compound of nitrogen and hydrogen. It contributes
significantly to the nutritional needs of terrestrial organisms by serving as
a precursor to food and fertilizer. Ammonia, either directly or indirectly,
is also a building block for the synthesis of many pharmaceutical products
and is used in many commercial cleaning products. Ammonia is one of the
most highly produced chemicals worldwide because it is a source of active
nitrogen for fertilizer, a clean energy carrier, and a potential transportation
fuel due to its high energy density and the potential lack of CO, emissions
[7]. The total worldwide ammonia production is over 200 million tonnes
a year, 80% of which is used in production of fertilizer [8]. Two percent
of the total world energy supply is consumed for annual extraction of 120
millions of tonnes of N, from air to produce ammonia for fertilizer [9].
The estimated market for ammonia in 2019 is around 102 billion dollars
[9]. For comparison, Figure 1.2 shows the top-ten most produced organic
and inorganic chemicals in the U.S [10]. Since nitrogen usually limits the
yield of intensive agriculture, the major application of ammonia is its use as
synthetic fertilizer [11]]. Of the total production of NHj in the U.S., around
80 wt% was used as fertilizer in forms of NH3 or NHj3-derived chemicals
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such as urea, ammonium sulfate or nitrate, etc., and the remainder was
used for the synthesis of plastics and explosives.

A Top 10 chemicals by weight B Top 10 chemicals by mol

1 0 1) Sulfuric acic B @ 1) Nitrogen
0 2) Nitrogen 0 2) Oxygen
1 3) Oxygen [13) Ethylene

6
14) Ethylene / [0 4) Hydrogen
0 5) Propylene M 5) Ammonia
01 6) Phosphoric 2 1 6) Sulfuric acid
acid

B 7) Ammonia 0 7) Propylene

00 8) Sodium

01 8) Chlorine
hydroxide

[ 8) Hydrochloric
7) 5.6 wt% NH, . gi)ci,tgfj:e 5) 11.4 mol% NH, acid
0 10) Sodium 1 10) Chlorine
hydroxide

Figure 1.2: Total production of organic and inorganic chemicals (in the U.S.), A)
in wt% of 1.87 x 108 tonnes/total year, B) in mol% of 5.41 x 102 mol/year. Data
are taken in tonnes per year for all chemicals but in cubic meter per year for Na, O
and Hy. The figure is reprinted from [10].

Nitrogen is of decisive importance. This element is needed for DNA and
RNA, the molecules that store and transfer genetic information. Nitrogen
is also required to make proteins, receptors, and structural components of
all plant and animal cells. Humans, like other animals, cannot synthesize
these molecules using the abundant nitrogen found in the air. This is be-
cause molecular nitrogen is chemically inert and stable, and does not trans-
form easily into a reactive form that plants, animals, and ultimately human
beings can take up. However, microorganisms existing in nature use an en-
zyme called nitrogenase to produce ammonia from solvated protons, elec-
trons, and atmospheric nitrogen. In contrast to the artificial Haber-Bosch
process, nitrogenase can synthesize ammonia at room temperature and at-
mospheric pressure. In the enzyme, the active site is a MoFe;SgN clus-
ter catalyzing the electrochemical reaction: N, + 8(H" + e™) — 2NHj +
Hj. Therefore, the nitrogen compounds necessary for the creatures have
to be acquired from food production of which depends upon agriculture
and thus ammonia as a source of nitrogen-based fertilizer. Therefore, inten-
sive agriculture and food production relies on the industrial production of
nitrogen-based fertilizer providing enough amounts of nitrogen to the soil,
plants, and other creatures.



1.2. Ammonia and its importance in human lives

After the Green Revolution and Industrilized Agriculture commenced by
the Haber-Bosch invention, and with increase in consumption of nitrogen-
based fertilizer, the world’s population has risen exponentially over the last
century. Figure 1.3A illustrates clear correlation between the growth in
world’s population and the upward trend in average nitrogen fertilizer in-
put. Hence, ammonia has been receiving tremendous attention as fertilizer
where 85% of produced ammonia is used as ammonium sulfate, ammonium
nitrate, and ammonium phosphate.
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Figure 1.3: Sudden growth in the global consumption of nitrogen fertilizer during
the 20th century has been matched by a parallel increase in world’s population (A),
the figure is reprinted from [2]. Volumetric versus gravimetric energy density of the
most important enerqy carriers, there are only two options with an energy density
similar to that of fossil fuels: hydrides and ammonia (B), the figure is reprinted from

So far, hydrogen is known to be the cleanest source of energy. However, the
low volumetric energy density of hydrogen, in both compressed gas and
liquid forms, makes its storage a challenge for most applications. This is not
only a limitation in the area of onboard storage, but it is also problematic
in the delivery and distribution of hydrogen. Hydrogen low energy density
is perhaps one of the greatest barriers to the implementation of hydrogen
fuel cell vehicles. On the other hand, liquid anhydrous ammonia could be
a more suitable medium for the storage of hydrogen onboard vehicles or
for use as a distribution medium. When considering both the volumetric
and gravimetric energy density of ammonia, it is of similar energy density
as oil and coal with orders of magnitude higher volumetric energy density
compared to hydrogen (demonstrated in Figure 1.3B). Therefore, in addition
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to the key role of ammonia in agriculture and the food cycle, it can also be
a potential energy storage and energy carrier material. Ammonia can be
decomposed (cracked) over a catalyst to produce the desired fuel, hydrogen
(Hy), along with nitrogen (N) that is a non-toxic and non-greenhouse gas.
All in all, ammonia has been receiving much attention as a green fuel and
hydrogen source for mobile and remote applications [12} [13], as a potential
indirect hydrogen storage, and hydrogen carrier material [5] [14].

1.3 Heterogeneous catalysis and reaction mechanisms for
nitrogen reduction to ammonia

Catalysis is categorized into three different subdisciplines: homogeneous,
heterogeneous, and bio catalysis. This thesis chiefly focuses on electrocatal-
ysis which has many analogues to conventional heterogeneous catalysis.
Both conventional heterogeneous catalysis and electrocatalysis involve ad-
sorption, desorption and bond making/breaking steps. Thus, many of the
principles that govern reactivity of heterogeneous catalysis also remain the
same. Therefore, we narrow down the discussion toward heterogeneous
catalysis here. A heterogeneous catalytic reaction involves adsorption of
reactants from a gas/liquid phase onto a solid surface, surface reaction of
adsorbed species, and desorption of products into the gas/liquid phase
(Figure 1.4A). A catalyst offers an alternative mechanism or path for the
chemical reaction. Such a mechanism is more complex but energetically
much more favorable due to a lowering in the activation energy. As a re-
sult, the reaction can proceed at faster rates or the same rate can be achieved
with less energy input. The catalyst does not alter the thermodynamics and
overall energy change of the reaction. This enables the desired process to
occur under industrially feasible conditions of pressure and temperature.
A catalyst can accelerate a chemical reaction by forming bonds with the re-
acting molecules and allowing them to react to a product, which detaches
from the catalyst, and leaves it intact so that it can be available for the next
reaction. The route by which a heterogeneous catalyst works is shown in
Figure 1.4B. Due to interactions between the electrons of the reactants and
the atoms on the surface of the catalyst, a chemical reaction takes place and
the reactants are adsorbed on the surface of the catalyst (chemical bond for-
mation or chemisorption). The reactants then react on the surface of the
catalyst but are still bound to the surface. Eventually, the products of the
reaction are desorbed from the surface and free up the catalytic surface area
for further reactions.
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Figure 1.4: (A) Every catalytic reaction is a sequence of elementary steps, in which
reactant molecules bind to the catalyst, where they react, after which the product
detaches from the catalyst, liberating it for the next cycle. (B) Potential energy
diagram of a heterogeneous catalytic reaction, with gaseous reactants and products
and a solid catalyst. Note that the uncatalyzed reaction has to overcome a substan-
tial energy barrier, whereas the barriers in the catalytic route are much lower. The
figure is adapted from [15]].

According to the Sabatier principle [16], a good catalyst is a material that
bind moderately well to the desired reactants and products so that the in-
teractions between a catalyst and the reactants become "just right". If the
interaction is too strong, either reactants or products block the catalyst sur-
face, causing little or no reaction to proceed and the catalyst surface is called
poisoned. On the other hand, if the interaction is too weak then reactants
will not bind to the surface and no reaction takes place, so more energy will
be needed for its adsorption. Hence, the ideal catalyst should be the one
with moderate binding free energies of the adsorbates with a compromise
between these two extremes. This concept has been demonstrated for many
reactions and an example is shown in Figure 1.5 with catalysts for elec-
trochemical hydrogen evolution. In this example the energy of hydrogen
adsorption is used as descriptor and the activity has a clear optimum.

Nitrogen reduction to ammonia on a catalytic surface can proceed by two
broad classes of mechanism as shown in Figure 1.6: the associative and
dissociative mechanisms. In the associative mechanism, the two nitrogen
atoms in Ny remain bound to each other as the molecule is hydrogenated
on the surface after being adsorbed. During hydrogenation, the nitrogen
atom adsorbed on the surface might initially remain intact while the outer-
most nitrogen atom is reduced to NHj. After formation of the first NHj3,
the other N atom is hydrogenated on the surface for formation of the sec-
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Figure 1.5: A volcano plot of the HER for various pure metals, MoSy, and the
most promising transition metal nitride surface explored by this thesis, TaN. The
AGpy value for TaN is calculated for 2/8 ML H coverage at 1 bar of Hy and 298
K. Experimental data are adapted from reference [17] where the circular data points
are the measured exchange current density (open data points for (111) facets but
filled data points for polycrystalline) plotted versus the calculated free energy of H
adsorption. The metals on the left side of the volcano have high H coverage (1 ML)
and the metals on the right side low H coverage (0.25 ML). The experimental data
for MoSy is taken from reference [[18]. According to Sabatier principle, those on the
left leg bind H strongly and those on the right bind it weakly. The optimum binding
energy is around zero where optimum rate is observed on top of the volcano.

ond NHj3. Alternatively, both N atoms might get hydrogenated in parallel
and form 2NHj. In the dissociative mechanism, however, the N-N bond is
first dissociated before hydrogenation, leaving individual N-adatoms on the
surface that are then hydrogenated and converted into NH; independently.
Current evidence suggests that the Haber-Bosch process operates through a
dissociative mechanism.

Generally, as a particle (molecule or atom) approaches the surface of a cata-
lyst, it feels the weak van der Waals interaction. If the particle loses energy
due to interaction with the surface and gets trapped in the weak attractive
potential, it become physisorbed on the surface (no shared electrons be-
tween the surface and the approaching particle yet). If the particle can rear-
range its electronic configuration by interacting with the sp and d electrons
of the catalyst, it may become chemisorbed (share of electron and chemical
bond formation). Depending on how far the particle is from the surface,
and on how strong the chemisorption bond is, the molecule may have to
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Figure 1.6: General mechanisms for nitrogen reduction to ammonia on heteroge-
neous catalysts. The figure is adapted from [19].

overcome an energy barrier, as indicated in Figure 1.7A. Usually, the barrier
between physisorption and chemisorption is small [15], but it depends on
the system under investigation. Since the chemisorption energy is also de-
pendent on the orientation of the particle relative to the surface, the actual
potential is more complicated than the simple one-dimensional represen-
tation in the Figure 1.7. Now assume that the chemisorbed particle is a
molecule. If it gets closer to the surface, it will feel a strong repulsion and
the energy rises. But if this molecule can respond to this change by chang-
ing its electron structure in the interaction with the surface, it may dissociate
into two chemisorbed atoms. The potential depends on the orientation of
the molecule with respect to the atoms in the surface. The barriers between
the physisorption, associative and dissociative chemisorption are activation
energies for the reaction from gas phase molecule to dissociated atoms and
all subsequent reactions.
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Figure 1.7: Simplified schematic A) potential energy diagram along the reaction
coordinate of a molecule X, approaching a catalyst surface. First the molecule feels
the weak van der Waals interaction, leading to physisorption. Then associative
chemisorption occurs, in which the molecule interacts chemically with the surface.
If the molecule overcomes the barrier E,, it may dissociate into two chemisorbed
atoms. The energy required for desorbing these atoms again to the molecular form is
E;. B) A molecule with a bonding o and antibonding orbitals o™ interacts with both
the sp band and the narrow d band of the transition metal catalyst. The former leads
to the lowering and broadening of the bands, while the latter results in splitting into
bonding and antibonding orbitals. Note that if electrons fill the antibonding orbital
of the molecule then the internal bonding in the molecule becomes weaker, which
may lead to dissociation of the molecule. Figures are adapted from [15]].

1.4 Current industrial ammonia synthesis

For the last century, ammonia has been synthesized primarily via the energy-
and capital-intensive Haber-Bosch process, an artificial nitrogen fixation
process in which gaseous nitrogen and hydrogen are passed over a transi-
tion metal-based catalyst (Fe or Ru) at high pressure (150-350 atm, different
from plant to plant) and high temperature (350-500 °C, different from plant
to plant) to form NHj (Figure 1.8) according to: [2} 20]

N2(g) +3Ha(g) = 2NH3(g) (L.1)

where AH = -92 kJ/mole, equivalent to -0.95 eV (-0.476 eV for 1 mole of
NH3).

The reaction is reversible and the production of ammonia is exothermic. In
order to produce the maximum possible amount of ammonia in the equi-
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Figure 1.8: Industrial ammonia synthesis plant and an overview of the steps before
storage and transportation of the product.

Ammonia plant in western Australia

librium mixture, the position of the equilibrium needs to shift as far as
possible to the right. Since this is an exothermic reaction, lowering the
temperature will be favorable according to Le Chatelier’s principle; how-
ever, lowering the temperature will slow down the reaction. Also, the time
for the reactants to reach equilibrium and be in contact with the surface
of the catalyst will increase. Therefore, it should be a compromise in tem-
perature for producing a reasonably high proportion of the product in the
equilibrium mixture in a very short time (to provide an adequate reaction
rate). This compromise temperature in modern plants is around 350 °C.
This high temperature definitely shifts the equilibrium towards the reac-
tants, resulting in an undesirable decrease in the conversion of the reactants
to the product as no catalyst may produce more ammonia than the equi-
librium amount. The high pressures are chosen to alleviate this problem,
since that shifts the equilibrium in favor of the products. High pressure also
facilitates collision of the molecules of the reactants via getting them closer
together and increasing the chance of hitting and sticking to the surface of
the catalyst.

In the Haber-Bosch process, nitrogen is obtained from air, while hydrogen
is taken mostly from steam reforming of natural gas in Europe (42 plants
spread over 17 countries), but also from coal in China, and from a mix of
natural gas and naphtha in India [2]. Following one hundred years of im-
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provement, catalytic synthesis of ammonia has made remarkable progress.
After the discovery of an iron catalyst for ammonia production in 1905,
cobalt-containing iron catalysts became an important development for the
iron catalyst patented by the British company Imperial Chemical Indus-
tries (ICI). The amount of cobalt gradually decreased and CeO, was added
instead to the iron catalyst to increase the activity. In the 1970s, Ozaki’s
research group reported high activity for ammonia synthesis when they
used Ru as an active component, potassium as a metal promoter, and car-
bon as a catalyst carrier [22H25]. In 1992, a new ammonia synthesis process
called KAAP (Kellogg Advanced Ammonia Process) was developed that
was loading ruthenium carbonyl compounds on graphite carbon carriers to
make Ru/C catalysts, yielding around 20 times greater catalytic activity at
milder operating conditions than that of traditional ammonia catalysts [26].

Despite the high activity of Ru/C catalysts, methanation of carbon carrier
material under ammonia synthesis conditions led to shortening of the cat-
alyst’s life and added another weakness in addition to scarcity and high
expense of Ru. The latest improvement in the study of ammonia synthesis
catalysts is the discovery of the cobalt-molybdenum nitride (CosMozN) cat-
alyst [27H31]. Along with improvements in the catalyst itself, advancements
in technology and engineering have also played an important role in the de-
velopment of ammonia synthesis. For example, daily ammonia production
has increased from the initial 5 tonnes to the current 3000 tonnes in modern
plants, the reaction pressure has dropped to around 150 atm from the orig-
inal 986 atm, and the energy consumption has decreased to 28-30 GJ/tonne
from the initial 78-80 GJ/tonne [32, 133]. But ammonia production still con-
sumes 2% of the total energy supply in the world and releases around 2.2
tonnes of CO, per tonne of ammonia [33]. Steam reforming with natural
gas consumes approximately 84% of the total energy required for industrial
ammonia synthesis via the Haber-Bosch process. Still, over 90% of this en-
ergy is provided by fossil fuels which leads to increased production of var-
ious greenhouse gases. The harsh operating conditions and sophisticated
industrial setup of the Haber-Bosch process are all prohibitive to decentral-
ization of environmentally-friendly ammonia synthesis. This complicates
ammonia production in regions with relatively undeveloped infrastructure
such as developing countries. Besides, the reliance of this process on natu-
ral gases for supplying its necessary hydrogen feedstock not only promotes
severe CO, emission to the environment but also makes the production of
ammonia, and ultimately food, susceptible to natural gas price fluctuations
and political conflicts in the oil-rich regions. Most importantly, a sustain-
able process needs to be developed for ammonia production to maintain
food supply since at some point natural gas will be depleted. Therefore,

12
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development of a new process for green and decentralized ammonia syn-
thesis in much milder operating conditions is desired. This thesis attempts
to lead us in that direction.

1.5 Fossil-free ammonia synthesis via electrocatalysis

Electrocatalysis is the catalysis of reactions in which at least one elemen-
tary step is a charge transfer, or electrochemical reaction. Electrocataly-
sis is an important process in nature with many enzymes functioning as
electrocatalysts. For example, the enzyme nitrogenase catalyses the elec-
trochemical formation of NHj from molecular N, and solvated electrons
and protons [34]. Similarly, hydrogenases catalyse the reduction and oxida-
tion of molecular hydrogen, which forms the basis of metabolism for many
microbial communities [35]. Electrocatalysis is finding increasing utility in
industrial applications, most notably for catalysis in the renewable energy
industry. The use of electricity as an energy source means that renewable
sources such as solar, wind and hydropower may be used, thus decreasing
the global reliance on supply-limited and CO,-emitting fuels.

Electrocatalytic ammonia synthesis is a particularly attractive fossil-free al-
ternative method due to the potential of utilizing renewable energy sources
and generating new possibilities towards low-temperature and low-pressure
ammonia synthesis with a low carbon footprint [19) 36H38]]. In this ap-
proach, instead of a separate Hj(g) production process, the protons could
come from a proton-donor-containing solution while the electrons would be
driven to the electrode surface by an applied electric potential (Figure 1.9).

1.6 Major experimental endeavours

Over the last few decades, numerous efforts have been made towards man-
made ammonia synthesis using photocatalytic [39] and electrochemical [40-
45] methods. However, for many of these, it was difficult to regenerate the
active nitrogen-fixing complex and only low current efficiencies of 0.1-8%
at ambient conditions were obtained. To gain higher yields of ammonia,
electrochemistry with the use of solid-state electrolytes [46H49], ionic liq-
uids or molten salts [50-53], and polymer electrolyte membranes (PEMs)
[54H56] have been employed. The first two categories are usually used in
high-temperature ammonia synthesis (100 °C < T < 700 °C), but the last
one is utilized in low-temperature conditions (T < 100 °C). The reactor-cell
design employed in most high-temperature ammonia synthesis is similar
to the one depicted in Figure 1.10A, while most low-temperature ammo-
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Figure 1.9: Simple schematic representation of an electrochemical cell comprised
of both the cathodic and anodic compartments separated with a membrane. The
reference electrode is not shown in this cartoon.

nia synthesis with Nafion membrane is carried out in cells similar to the
one showed in Figure 1.10B. The possible electrolytes in the majority of
high-temperature ammonia synthesis reactions are perovskite, composite
materials with fluorite or pyrochlore structures, and molten salts.

In the high temperature solid-state ammonia synthesis (SSAS) category,
high conversion of cathodic supplied nitrogen to ammonia is usually ob-
tained. Two common types of electrolytes used in SSAS is shown in Figure
1.11. Pd or Pd-Ag showed the best performance as cathode material for high
yield ammonia formation [57H61]]. The best electrolytes in which Pd and Pd-
Ag vyielded the highest FE% are usually barium cerates, lanthanum-doped
cerium oxide, lanthanum gallate and lanthanum zirconate electrolytes. The
most efficient SSAS systems reported so far are 1) barium-cesium based
SSAS with 70% FE [58], 2) lanthanum-serandium based SSAS with 70-
73% FE [59, |60], 3) scandium-cesium based SSAS with 78% FE [57], 4)
lanthanum-calcium based SSAS with 80% FE [61]. Composite electrolytes
consist of a mixture of a solid oxide with a second phase which changes the
overall electrical, thermal, or mechanical properties of the material. This ex-
tra phase is often a eutectic mixture of alkali metal salts such as carbonates,
halides, sulphates, or hydroxides [37]. The presence of the molten phase en-
hances the ionic conductivity and reduces the operating temperature of the
electrolyte. The eutectic mixture is a mixture of two or more components
that usually do not interact to form a new chemical compound. They in-
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Figure 1.10: A) Apparatus used by Murakami et al. [50]. The electrolyte was a
N°— conducting molten salt mixture (57.5 LiCl, 13.3 KClI, 29.2 CsCI mol%) and
nitrogen was reduced on a porous Ni cathode. B) The back-to-back membrane-
electrolyte-assembly cell for ammonia synthesis reported by Lan et al.. [56].

hibit the crystallization process of one another at certain ratios resulting in
a system having a lower melting point than either of the components. The
most recent investigations in LiAlO,-(Li/Na/K),CO3 composite electrolyte
indicate two different cathode catalysts, FesMosN [62] and CozsMosN [63],
with relatively good performance under pure nitrogen and wet hydrogen on
the side of the anode. The cobalt-molybdenum nitride showed better per-
formance at 450 °C where a maximum rate of 3.27 x 1071 mol s~! cm 2
was obtained under applied potential of 0.8 V vs the counter electrode.
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However, the FE% was only around 3%. Very recently, Qing ef al. reported
anodic ammonia formation rate of around 2.0 x1071 mol s~! cm~2 at +1.2
V and 220 °C [49]. They synthesized ammonia directly from N, and steam
using a composite electrolyte based on CsHs5(PO,),/SiO, and Pt/C-loaded
carbon paper as both cathode and anode, but the FE was only around 2%.
Such low efficiency in all the cases mentioned here can be attributed to the
rapid hydrogen evolution reaction (HER) at high temperature values.

Ionic liquids or molten salts were found capable of promoting ammonia for-
mation from low efficiencies to sometimes up to 80% but requiring relatively
high temperatures [50H53]. Licht ef al. utilized a suspension of iron-oxide
nanoparticles in the electrolyte (molten hydroxide, (NaOH-KOH)) for am-
monia synthesis from air and steam between two Ni electrodes [53]. The
rate of ammonia generated by this system was 2.4 x 10~ mol s™! cm~2,
which reached the FE of 35% under 1.23 V at ambient pressure. Despite
an appreciable rate and FE, relatively high temperatures of around 200 °C
were used. The highest rate of 3.33 x 10~ mol s~! cm~2 was observed
when porous nickel electrodes were immersed in a eutectic mixture (of 57.5
LiCl, 13.3 KCl, 29.2 CsCl mol%) in the experiment by Murakami et al. [50].
The FE% obtained was 72% at 400 °C and 0.7 V vs the LiT/Li electrode.
In the electrolyte 0.5 mol% LizN was dissolved as the source of nitride ions
(N®7). In this setup, the supplied nitrogen to the cathode is reduced to
N3~ and traveled to the anode through the electrolyte and reacted with
hydrogen to produce ammonia (N3~ + 3/2H, — NH;3 + 3e7). Although
low-pressure ammonia synthesis had been achieved, the aforementioned
studies yet suffer from the necessity of relatively high temperatures, which
leads to increased risk of product decomposition. The use of complex and
expensive electrolytes is another downside that hinders decentralization of
ammonia production and commercialization of these methods.

There are also studies that investigated low-temperature ammonia synthesis
at ambient pressure with the use of polymer electrolyte membranes (PEMs)
where the ammonia production can be separated from hydrogen feed gas
and thus higher ammonia formation yields is achieved [55, [64]. The high-
est rate of ammonia formation reported in this fashion is 1.13 x 10~8 mol
s~ em~2 with a current efficiency of around 90% obtained at 80 °C where
SmFe( 7Cup3-xNiyO3 (x = 0-0.3) was used as the cathode and wet hydro-
gen as a feed gas [54]. Replacing the H; feed gas with water, Kordali et al.
synthesized ammonia electro-catalytically from N, and H,O at room tem-
perature using a Ru cathode in a solid polymer electrolyte cell [65]. Only
a low rate of ammonia formation (3.4 x 10712 mol s™! cm~2 ) with a low
efficiency of around 0.28% was achieved at a relatively high potential (-1.3
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Figure 1.11: Schematic illustration of the solid-state ammonia synthesis (SSAS)
process; A) proton-conducting electrolyte and B) oxide-ion electrolyte. The figure is
adapted from [36]].

V vs. SHE) mainly due to the competing HER at the cathode. Using air and
water as feed gases, the highest rate of ammonia synthesis reported thus
far is 1.14 x 1079 mol s~! em ™2, achieved using a mixed NH; /H" Nafion
membrane [56]. However, again a low efficiency of around 1% is observed
at a relatively high overpotential of —1.6 V.

Although the progress towards practical electrolytic ammonia synthesis
acheived so far is promising, there are yet two major concerns. One is
the issue of high temperatures observed in most of the works mentioned
above, which reduce the chance of decentralization of ammonia production
by truncating its practicality for consumer use. The other is the acidic envi-
ronment in which material instability arises. These issues severely limit
our options amongst catalytic materials and potentially eliminate many
highly active and selective catalysts from consideration. Although there is
no doubt about high stability, long lifetime, and fast ion transport proper-
ties of PEMs in other electrochemical applications, ammonia as a weak base
is expected to react with acidic membranes and reduce proton conductivity
and lifetime of the membrane [56]. In addition, acidic electrolytes can cause
higher rate of HER and thus less selectivity of the catalysts towards nirogen
reduction. The alternative option is to favor alkaline chemistry instead,
which not only reduces the membrane reactivity with ammonia, enables
low-cost materials of construction, and allows the utilization of a wider ar-
ray of low-cost and active catalysts, but it also hampers the occurance of the
HER and assists selectivity towards nitrogen reduction. For these reasons,
alkaline exchange membranes (AEMs) are an attractive alternative to PEMs
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for electrochemical ammonia synthesis [64].

A very recent example of the feasibility of an alkaline membrane elec-
trolyzer as an ammonia generator is the work of Renner ef al. by which
catalytic efficiency was investigated for Fe, FeNi and Ni nanoparticles over
Pt black and the equivalent energy consumption rate of these materials were
compared to that of the Haber-Bosch process [64]. Although the ammonia
production rate was only around 1.3 - 3.8 x107 2 mol s™! cm~2 at 1.2 V,
with efficiency of 41% at 50 °C, FeNi high surface area particles were found
to be stable and highly active for electrochemical ammonia syntheis. The en-
ergy consumption rate of this process was estimated to be 14 - 520 kwh/kg
of ammonia, compared to 13.2 kwh/kg of ammonia in the current industrial
process [64].

What is obvious here is that while solid-state electrolytes, PEMs, or AEMs
offer promise as an electrochemical route to ammonia synthesis, they are
still in the early stage of development when compared with production
rates nearing that of commercial viability (4.3 - 8.7 x10~7 mol s~! cm~2)
[37]. The above examples clearly indicate that (electro-) catalytic ammonia
synthesis is a particularly feasible method due to the potential of utiliz-
ing renewable energy sources and mild operating conditions. But finding
(electro-) catalysts that are selective enough towards nitrogen electroreduc-
tion reaction (NER) and have a low overpotential is challenging.

1.7 Recent theoretical insights

With advancements in the field of computation and modelling, theoreti-
cal investigations have provided deeper insight into catalysis, [66H79] the
importance of various active sites [80H82]], the influence of phase and mor-
phology [83], and different mechanisms of reactions [84488]. The use of
computations can thus facilitate rational catalyst design, by enabling whole
classes of material to be assessed for their suitability as catalysts. Accord-
ing to density functional theory (DFT) analysis conducted by Sktlason et al.
[89], the simplest catalyst for electrochemical ammonia formation would be
a pure transition metal catalyst. Based on these computational calculations
conducted on both the flat and stepped surfaces of a range of pure tran-
sition metals, early transition metals of Sc, Y, Ti, and Zr were predicted to
bind N-adatoms more strongly than H-adatoms in 1 M aqueous electrolyte
(pH = 0) at room temperature. NH; formation was proposed to be more
favorable over H; evolution at operating potentials of around -1.0 to -1.5 V
vs. SHE. However, these early transition metals are known to readily form
oxides and it remains to be seen if they can be used for experimental Nj
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activation. It was also shown that the surface of later transition metals of
Fe, Rh, and Ru are mainly covered with H- adatoms under operating condi-
tions. This inhibits nitrogen reduction to ammonia due to lack of available
sites for adsorption of nitrogen, which leads to a high rate of HER. These
findings might also explain the reason for the generally poor rates of am-
monia production compared to hydrogen evolution in much of the existing
literature.

Under-coordinated sites on surfaces or on nanoparticles often dominate the
whole catalytic activity for the catalyst. The role of such under-coordinated
sites have also been recently investigated on metal clusters explicitly, with
[86] and without a nitrogen skin [75], as well as in the presence of O, OH,
and H,O, [90] where ammonia is predicted to be produced at around -0.6
V on MoN nanoclusters. In the last couple of examples, the studied mech-
anisms for electrochemical ammonia synthesis was based on the conven-
tional associative and dissociative mechanisms (Figure 1.6) where there are
always issues with endothermic adsorption of N, molecule on the surface
(in the associative mechanism) or with high activation barriers for Ny disso-
ciation (in the dissociative mechanism). However, there exists the possibil-
ity of another active mechanism, specifically on the surface of metal nitride
materials, where a surface N atom is reduced to NH3 leaving N-vacancies
behind, after which the catalyst is regenerated with solvated nitrogen in the
electrolyte. This is the Mars-van Krevelen mechanism (MvK) [91] illustrated
in Figure 2.2. Indeed, recent DFT analyses indicate possibility of the MvK
on ternary nitrides and participation of N-vacancies (in large concentrations
of around 10'® cm~?2) playing an important role for ammonia formation on
the surface of Co3MosN [82]. Ternary nitrides FesMozN, CosMosN, and
NipMosN emerged as highly active catalysts in ammonia synthesis at 400
°C and 100 bar where promotion of CozMozN with caesium resulted even in
higher activity than that of the commercial multi-promoted iron based cat-
alyst [28-30, 92} 93]]. DFT studies on cobalt molybdenum nitride show that
nitrogen vacancies can contribute to weakening of the strong triple bond
of N> molecule and thus activate it to ammonia via the MvK mechanism.
There, a molybdenum triangular cluster can be a possible activation site for
nitrogen along with the surface cavity where Nj is activated by the inner
tetrahedral atom of a cobalt cluster [82, [94].

1.8 Objectives of the thesis

Given the promising performance of the ternary nitrides in catalytic syn-
thesis of ammonia and the inception of the MvK mechanism in this re-
gard, this thesis specifically explores the stability and activity of transition
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metal mononitride surfaces for electrochemical ammonia synthesis at am-
bient conditions using DFT calculations. This thesis investigates whether
these mononitrides display unique properties due to the presence of nitro-
gen vacancies in the surface, which are naturally not found on pure metals.
If so, this could contribute to higher activity, better selectivity, and an easier
pathway towards ammonia synthesis at ambient conditions.

For catalytic nitrogen reduction to ammonia, these TMNs have a benefit
over pure transition metals since nitrogen atoms are already incorporated
in their structure. That means nitrogen atoms in the first surface layer of the
TMNSs can in principle directly participate in the reaction of ammonia for-
mation and leave an N-vacancy on the surface. This N-vacancy then needs
to be replenished by adsorbed N, molecule to endure the catalytic cycle, via
the MvK mechanism. In many cases, N, adsorption to the N-vacant site(s)
becomes an exergonic process on TMNs [79] 81} O5], compared to when N
needs to be adsorbed on pure transition metals [89, [96] or on defect-free
TMNs [87] which is usually endergonic. TMNs can be good catalysts for
various reactions typically catalyzed by noble metals of high cost and lim-
ited supply. Therefore, it is interesting to investigate catalytic reactions like
nitrogen activation on these TMN surfaces via the MvK mechanism.

Therefore, a systematic computational screening of 100 transition metal
mononitrides was carried out to search for new electrocatalysts capable of
selective conversion of nitrogen to ammonia electrochemically at ambient
conditions with low overpotential (preferentially less than 1V). The hope
is that this thesis can endow the scientific communities and experimental-
ists in the field with novel and promising candidates that warrant further
investigations and improvement via experiment in pursuit of their commer-
cialization and real life applications.
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Theory and Methodology

The ultimate goal of most quantum chemical approaches is the approximate
solution of the time-independent, non-relativistic Schrodinger equation:

Ay, = Eyvy (2.1)

where Ej, is the energy of the system, and ¢, is the many-body wavefunc-
tion associated with state n depending on three spatial coordinates of the
electrons and nuclei and one spin coordinate of electron. The Hamiltonian
operator for a molecular system with M nuclei and N electrons in the ab-
sence of electric fields is denoted as H, and it gives a proper description
of how particles in a particular system behave and interact. The molecular
Hamiltonian can be expressed in atomic units as:

A= V-3 L ViDL Y Zuyy Ly y L
25 2,5 iAS A (SjsiTii AsiBsa Ras
(2.2)

where the integers i and j denote the N electrons in the system and A
and B the M nuclei. The first two terms in this equation represent the ki-
netic energy of the electrons and nuclei, respectively where the Laplacian
operator,V?, is defined as a sum of differential operators (V> = 02 /0x? +
o2/ ay2 + 02/ (TZZ). The third term is the external potential or the attractive
Coulombic force between a nucleus and an electron. The fourth and fifth
terms represent the repulsion interaction of electrons and nuclei, respec-
tively. These last three terms define the potential part of the Hamiltonian.
By the practical assumption known as the Born-Oppenheimer approxima-
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2. Theory and Methodology

tion [97] we can assume that the nuclei are stationary due to their heavy
mass with respect to the electrons on the time scale of electronic motion.
Therefore, the kinetic energy term of the nuclei is rendered invariant and
the nuclei-nuclei repulsive interaction becomes a constant for each set of
nuclear coordinates. The Hamiltonian, now known as the electronic Hamil-
tonian gets reduced to:
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The solution of the Schrodinger equation with H.1octronic 1S Yelectronic» Which
is the electronic wavefunction associated with the electronic energy, Eiectronic-
The electronic wavefunction depends upon the electron coordinates, while
the nuclear coordinates do not appear in the electronic wavefunction ex-
plicitly. The total energy, E;s, is thus the sum of electronic energy and the
constant nuclear-nuclear repulsion term: Esot = E,jectronic + Enuc, where Epye
is the last term expressed in equation 2.2.

The last term in equation 2.3, which describes the electron-electron repul-
sion, is impossible to calculate analytically and is the reason why approxi-
mations are needed. Without it, an N electron wavefunction could simply
be expressed as a product of N one-electron (hydrogenic) wavefunctions. In
order to decouple the motion of electrons, an effective potential V,r; can be
defined in such a way that each electron moves in an average field of all the
other electrons:

N

R 1 N M
Helectronic = _E Z] vzz Z Z + Z Veff (2'4)
i= A=1 =

i=1

2.1 Hartree-Fock Theory

The HF method consists of approximating the N-electron wavefunction by
a single Slater determinant of N one-electron wavefunctions.The HF energy
can be expressed as a sum of 1-electron and 2-electron terms:

Nelec . Nelec
Epr =Y. <ilhli>+1/2'Y ([iiljj] — [ijlji]) + Van (2.5)
i ij
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2.2. Density Functional Theory

where the first term is a sum of values of the 1-electron integrals for each
orbital , ¢;, in the Slater determinant wavefunction corresponding to the ki-
netic and external potential. This whole term is the total kinetic energy of
electrons and the nuclear-electron attraction. The [ii|}j] term is the Coulomb
integral for electrons in orbitals i and j, and [if|ji] is the exchange integral for
electrons in orbitals i and j. The evaluation of these integrals needs a lot of
computer time. The last term in equation (2.5) is the nuclear-nuclear repul-
sion energy. This HF energy equation comes from using the exact electronic
Schrodinger Hamiltonian with the approximate Slater determinant as the
wavefunction. The HF energy expression is then minimized with respect to
changes in the orbitals. With the use of Lagrange’s method of multipliers,
to make sure the orbitals remain orthonormal, we obtain the HF equations:

Ep; = i (2.6)

where the €; eigenvalues are the transformed Lagrange multipliers, inter-
preted as orbital energies in the framework of Molecular Orbital Theory.
The F is the Fock operator:

R n Nelec R .
E=h;+ Z (Ji = Kj) (2.7)
)

where the second term on the right is the V,f, the effective potential from
all the other electrons as mentioned in equation 2.4, the f] is the Coulomb
integral and Kj is the Exchange integral. Solving these eigenvalue equations
(HF equations) would give us optimal orbitals, ¢;, for which the HF eigen-
value equations are true, and ground-state HF wavefunction and energy
is then obtained. So we need to guess initial orbitals and then iteratively
find better guesses for the orbitals until we find the best ones. That min-
imizes the HF energy expression. Thus the HF equations are solved self
consistently during a variational calculation.

2.2 Density Functional Theory

Density functional theory (DFT) is an incredible success story that with ac-
ceptable accuracy and low computational cost has turned into a standard
technique used in most branches of chemistry and materials science. Walter
Kohn is the founding father of DFT who was awarded with the Nobel Prize
in Chemistry in 1998 for his essential contributions to the theory [98,99]. At
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2. Theory and Methodology

the time of writing this thesis, DFT is applicable to a large range of systems,
e.g., atoms, molecules and solids to nuclei and quantum and classical fluids.
DEFT can predict a great variety of molecular properties such as: molecular
structures, total free energies, vibrational frequencies, reaction paths, ion-
ization energies, atomization energies, electric and magnetic properties, etc.
DFT can deal with spin polarized systems, superconductors with electronic
pairing mechanisms, multicomponent systems such as nuclei and electron
hole droplets, free energy at finite temperatures, relativistic effects, time-
dependent phenomena and excited states, bosons, molecular dynamics, etc.
DFT endows its users with a quantum mechanical description without the
complexity of the many-body Schrodinger equation. However, it is only
strictly valid for determining the properties of a systems’ ground state,
rather than its full eigenenergy spectrum. Time-dependent DFT, however,
can deal with excited states. The conceptual framework of DFT rests on
fundamental theorems proved by Kohn and Hohenberg (HK) [100] and a
set of equations known as the Kohn-Sham (KS) equations [99].

The Hohenberg-Kohn theorems and Kohn-Sham equations

Conventional approaches use the wavefunction ¢ as the central quantity,
since ¢ contains the full information of a system. However, ¢ is a very
complicated quantity that cannot be probed experimentally and that de-
pends on 4N variables, three spatial and one spin variable for each of the
N electrons. It would be much simpler if we could get the energy from
only knowing the electron density, p(r) depending only on the three spatial
variables. This approach would only be possible if p(r) contains enough in-
formation to derive the full Hamiltonian. We can partition the Hamiltonian
as follows which are the same forms as in equation 2.3:

A

Helectronic = Te (1’) + Ven (1’,‘ R) + VEE(r) (2.8)

where the first term is the electron kinetic energy, the second term is nuclear-
electron attraction, and the last term is electron-electron repulsion. The
first HK theorem states that the external potential (which is the attractive
Coulombic force between a nucleus and an electron, the V,y in equation 2.3
and 2.8) and hence the total energy is a unique functional of the electron
density, meaning the ground-state energy of a system is a unique functional
of the ground-state density, E[p(r)]. Therefore, the density contains all the
information necessary to determine any quantity of interest, including the
Hamiltonian, which has the most important eigenvalue of them all, the en-
ergy. We can now write the energy as:
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2.2. Density Functional Theory

Elo(r)] = Te[o(r)] + Venlo(r)] + Veelp(r)] (29)

In order to be able to express at least a part of the V., term explicitly, we
split it into two parts. The first is [[o(r)] = ffp(rl)rip(rz)drldrz which
12

is a term for the classical Coulomb energy that is exactfy like in HF theory
but here written out in terms of density. The second part is the E’ [o(r)]
term contains the electron-repulsion part we don’t know how to deal with.
The second theorem of HK says that DFT can be subjected to variational
treatment i.e. any trial density will yield an energy upper bound to the true
ground state energy, Eg

E[p"(r)] > Eq 2.10)

Deriving the kinetic energy term is too difficult, as electrons are distributed
nonuniformly in an atom. However, we can calculate the kinetic energy like
in HF theory by introducing orbitals. Here is where KS-DFT came into play
by introducing orbitals where self-consistent equations must be solved for
a set of orbitals (¢;) whose density, p(r) is defined to be the same as that of
the total electron density [99]. According to KS, a fictional reference system
of non-interacting electrons is constructed, in such a way, that its density is
the same as that of the interacting electrons. This fictional reference system
is described by a Slater determinant of molecular orbitals. Thus the kinetic
energy functional is now defined as:

N
T® = Y n; < ¢f| Tlgp > (2.11)
n=1
and the electron density can be expressed in terms of orbitals as below:
S 2
p(r) = ) nilgi(r)] (212)
n=1
The KS-DFT energy functional then looks as below:

E[o(r)] = T**[o(r)] + Vex[o(r)] + J[o(r)] + Exclp(r)] (2.13)
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2. Theory and Methodology

The Ey; is a very complicated term that should approximate everything
that we do not know how to deal with. Only if we use the exact Ey. term,
KS-DFT will be exact. The KS equations are:

FKSg; = e (2.14)

where analogous to the Fock operator, the KS operator is:
F¥1o()] = hilp(r)] + 3 Jiflo (r)] + ve[o(r)] (2.15)
]

where the last term is the functional derivative of the exchange-correlation

enegy: vclp(r)] = 2P,

The KS equations are a non-linear problem and need to be solved self con-
sistently [101] [102].

The Exchange-Correlation Energy

The simplest xc functional is the local density approximation (LDA) that
depends only on the value of the density at each point in the system [99].
The LDA functional is derived from studies of the homogeneous electron
gas model system:

EPAlp(r)] = [ emlp(r)]o(r)dr 216)

where €9 is the exchange-correlation energy per particle of a homoge-
neous electron gas of charge density p. The exchange term has been found
analytically for the homogeneous electron gas model system by Slater and
Dirac (typically called the Slater-Dirac exchange functional) where density
is homogeneous and characterized by p [103].

/3 .
e =2 (2) ot 21

The exact density dependence of the correlation energy is not known, but
proper values have been determined from Quantum Monte Carlo (QMC)
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2.2. Density Functional Theory

calculations [104]. These have then been interpolated to provide an analytic
form for EXP4[p(r)] [105]. The following formula has been put forward by
Perdew and Wang in 1992[106]:

1

A(B1rd"? + Bars + Bars/* + Par?)
(2.18)

ELPAp(r)] = —A /p(l +aqrs) xIn |1+

where ry = (3/47‘[)1/3 , A, 1, B1, B2, B3 and By are fitted parameters.

By combining these two terms that are simple functionals that only use the
density as ingredients, we can define the LDA functional again:

EPAlp(r)] = ERPA 1 EEDA — [ePlo(r)] +etP4p()]  219)

where the first term should take care of the self-interaction error (one elec-
tron interacts with its own mean-field) and make the functional obey the
Pauli exclusion principle, and the second term should take care of electron
correlation. LDA owes a part of its success to a systematic cancellation of
errors, as it underestimates the correlation energy but overestimates the ex-
change energy. LDA is a reasonable method for estimating the properties of
bulk materials, since the valence electron density in such materials changes
in a rather slow manner and bears a resemblance to the homogenous elec-
tron gas. When it comes to atoms and molecules, LDA often fails to predict
the correct properties. Also, LDA for complex systems has been shown to
predict the wrong ground states, overestimate binding energies and neglect
dispersion forces. An improvement to LDA is generalized gradient approx-
imations (GGA)[101], which rely on the gradient of the density allowing for
a certain "inhomogeneity" in the density.

ES“To(n] = [ ePAlp(r) Exc(p(r), 5)ar (220)

where the F,, function is called an enhancement factor and can be divided
up into Fy and F. . Fy makes the larger contribution to the energy and is
more important. The popular PBE exchange enhancement factor is:

HSZ

FPBE(s) = 1+71+b52

(2.21)
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where a and b are theoretically justified constants. GGA tends to improve
total energies [107], energy barriers and structural energy differences [108-
110]. Common GGA functionals are PBE [111]], RPBE [112], and BLYP [113].
RPBE is the functional used in this thesis, as it has been shown to improve
the chemisorption energetics of atoms and molecules on transition-metal
surfaces compared to PBE.

Plane-wave basis set

In DFT calculations, the unknown KS orbitals have to be expanded in set of
known mathematical functions (basis set). In the calculations conducted for
this thesis, which are performed using the DFT code Vienna ab-initio sim-
ulation package (VASP) [114H118], the orbitals are expanded using periodic
plane-wave basis sets in accordance with Bloch’s theorem which is optimal
for periodic systems.

In this theorem, each of the eigenfunctions of the KS equations for a periodic
system are characterized by a principal quantum number n, and a crystal
momentum k, and can be spanned by a discrete set of plane-waves with
wave vectors K 4+ G, where G denotes the reciprocal lattice vectors which is
defined by G.I = 27tm for all | where [ is a lattice vector of the crystal and
m is an integer. Therefore:

Prie(r) = Ly yel O (222)
G

By the use of Bloch’s theorem, the problem of the infinite number of elec-
trons has now been mapped onto the problem of expressing the wavefunc-
tion in terms of an infinite number of reciprocal space vectors within the
first Brillouin zone of the periodic cell, k. This problem is dealt with by
sampling the Brillouin zone at special sets of k-points. The electronic wave-
functions at each k-point can then be expressed in terms of a discrete plane-
wave basis set.

The kinetic energy in the Hamiltonian is diagonal, but the plane-waves are
orthogonal. Thus despite in principle an infinite number of plane-waves are
needed for each k-point sampling the Brillouin zone (a particular choice of
the unit cell of the reciprocal lattice), the plane-waves converge quickly and
the expansion can be truncated at G, where
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hz
(ZM) ke + Geat|® < Eout (2.23)

In order to reduce the number of plane-waves needed, and thereby the en-
ergy cutoff, E.;;, we can use a pseudopotential. This is an average potential
of the core electrons and the nucleus felt by the valence electrons. Pseu-
dopotentials generally give results of good accuracy, especially so-called
ultrasoft pseudopotentials [119]. The basic idea behind the pseudopoten-
tial approximation is that the core electrons of an atomic system are nearly
unaffected by changes in the chemical environment, and hence it should be
possible to combine the effect from the nucleus and the core electrons for an
ion into an effective potential. In this way, the “frozen” core electrons are re-
moved from the calculations of the density, and the number of one-electron
KS equations is therefore reduced considerably as well as the cutoff energy.
This reduction is very important, as the number of plane-waves with an
energy below E; is proportional to E%f The reason for the reduction is
that the high frequency part of the basis set is generally needed to describe
the core electrons and the part of the valence electrons in the core region.
This is because the core orbitals are very localized and because the valence
orbitals oscillates in order to be orthogonal to the core orbitals. By using the
pseudopotential approximation, the orthogonality requirement disappears
and the need for describing the core orbitals disappears at the same time.

Three different types of psedupotential are supported by VASP. They are:
norm-conserving psedupotentials, ultra-soft psedupotentials, and projected
augmented wave (PAW) potentials. The latter is the one used for calcula-
tions of these thesis. All these methods are presently frozen core methods
i.e. the core electrons are pre-calculated in an atomic environment and kept
frozen in the course of the remaining calculations.

2.3 Normal mode analyses

Normal mode analysis (NMA) is usually a good approach to calculate the
vibrational frequencies of, e.g., adsorbed species on a surface. The main
assumption made here is that the vibrations of adsorbed species may be
described by harmonic oscillators if the species are in a local minimum on
the PES. However, in some cases we also do this analysis for the transition
states (TS) or saddle point obtained with the NEB method. This may be
done if the harmonic approximation is valid, or if the PES is not too flat
at the TS. Since this is a TS, it has one frequency less than the ground
state because it has one less degree of freedom. That is because one of the
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vibrational eigenvalues will be negative, only one imaginary frequency, as it
is a maximum in one direction. A linear molecule has 3N-5 normal modes
but a non-linear molecule has 3N-6 modes, where N is the number of atoms
in the molecule and the subtraction of 5 or 6 comes from 3 translational
modes and 2 or 3 rotational modes for the linear and non-linear molecules,
respectively. The six normal modes of a 4-atom non-linear molecule, such
as NHj, are as following: one N-H symmetric stretching (3330 cm 1), two
N-H asymmetric stretching (3428 cm™ 1), two H-N-H scissoring (1601 cm™ ),
and one N-H wagging (1004 cm~1) as shown in Figure 2.1[120].

T@_&j R b A B A

1004cm=1(AY)  1601cm~T(E*)  3330cm~T(A)  3428cm~T(E¥)

Figure 2.1: Graphic representation of the normal modes of ammonia and their
symmetry classification. N (H) atoms are shown as large (small) circles. The out-
of-plane umbrella mode is depicted in such a way that atoms bearing dots (crosses)
are displaced forwards (backwards). For the in-plane modes arrows (to scale for
each mode) indicate atomic displacements in the paper plane. Infrared-active modes
are labeled with an asterisk. Figure is reprinted from [120].

When an atom is adsorbed on a surface it has 3 normal modes, as it is
assumed that it does not diffuse on the surface (zero translational modes)
and it has no rotational mode as it is only one atom bound to a fixed surface
(the surface does not move). The atom vibrates in 3 directions, the x, y and
z directions. The vibrational frequencies, v, of e.g., an adsorbed atom on a
surface can be calculated by:

1 k
=/ — 2.24
v 2V m ( )

where m is the mass of that adsorbed atom and k is the force constant in

the x direction, which can be calculated from the second derivative of the
potential energy (the potential energy function is V(x) = 1/2kx%:
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2.4. Nudged elastic band method

d*v

The same is done for y and z directions. In practice, when the atom has
been relaxed to its minimum on the PES, the atom is displaced slightly in
each direction around the minimum and the potential energy and gradient
is calculated. For each direction there are three potential energy values at
three different coordinates and a parabolic function can be fitted through
these points. The curvature, or the second derivative, gives the force con-
stant and then the normal mode. These frequencies can then be divided by

the speed of light to get the wave-number, in cm ™.

2.4 Nudged elastic band method

Endergonic elementary processes, in principle, involve a transition between
two atomic or molecular states separated by a potential barrier or a first
order saddle point along the minimum energy paths (MEP). This saddle
point is energetically the highest point in the MEP representing the activa-
tion energy of the process. This is also used to determine the rate at which
the reaction step occurs. If the barrier is low, the thermal energy of the
reactants is usually high enough to overcome the barrier and slide towards
products. In this case, the reaction will be fast. But if the barrier is high,
only a few reactants will have sufficient energy, and thus the reaction will
be much slower. The nudged elastic band (NEB) is a method suitable for
finding MEP and saddle points between known reactants and products, de-
veloped by Jénsson ef al. [121H123]. Within the harmonic transition state
theory the problem of finding the activation energy of a chemical reaction
or diffusion event is reduced to finding the saddle point through which the
system has to advance in order to move from the initial state to the final
state. When both states are known, this saddle point is most easily read
from the MEP of the event.

In NEB, a number of intermediate images are constructed along the reaction
path between the known initial and final structure that are connected as a
linear chain of images or replicas of the system. Each image in between the
two relaxed structures are then optimized to find its lowest possible energy
while maintaining equal spacing to neighboring images. This constrained
optimization is done by adding an effective or “nudging” force defined as
the sum of the spring force along the band between images to make them
evenly spaced, and by adding true force perpendicular to the tangent of
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the band to allow images to feel the potential energy surface. The nudging
force is given by:

F = Fﬁp”'”g 4 Flrue (2.26)

where F"* is the potential energy force, which is a function of the coordi-
nates of each image i given by:

F"¢ = VE(r;) = VE(r))T; 2.27)

and the spring force can be expressed as:

Fﬁprmg =k(|Riz1 —Ri | = | Ri—Ri-1 T (2.28)

When the forces have been zeroed, the chain of images lies on the MEP. Bet-
ter resolution of the MEP is obtained by increasing the number of images.
In this thesis and for calculation of the activation energies for Ny dissocia-
tion, replenishment of N-vacancies, and analyses of nitride decomposition,
the climbing image NEB, abbreviated as CI-NEB, is used which is a small
modification to the NEB method where the highest energy image is driven
up to the saddle point [121]. This image does not feel the spring forces
along the band. Instead, the true force at this image along the tangent is
inverted. In this way, the image maximizes its energy along the band, and
minimizes in all other directions. When this image converges, it will be at
the exact saddle point. An example application of the CI-NEB method is
shown in Figure 2.2 where the dissociative adsorption of N, at a VIN(100)
surface to form two surface N adatoms is calculated.
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Figure 2.2: The minimum energy path along the reaction coordinates for the dis-
sociative adsorption of Ny is shown with the identification of the initial, transition,
and final states. Both top and side views are provided.

2.5 Computational hydrogen electrode

In an electrochemical reaction with proton-electron transfer, the free energy
change of each step is a function of the applied electrical potential. In this
thesis, the effect of applying this potential is based on a simple model de-
scribed by Nerskov et al. [66], which has henceforth been referring to as the
computational hydrogen electrode (CHE) model. This model also provides
an elegant way of avoiding the explicit treatment of solvated protons and
excess electrons from the electrode. The reaction

1
H" +e = EH2 (2.29)

is at equilibrium at standard conditions (pH = 0, 1 bar Hj, 298.15 K) and
therefore the electric potential is defined to be zero voltage on the standard
hydrogen electrode (SHE) scale. Thus in this model, the chemical potential
of a proton-electron pair, u(H") + u(e™), is equal to half of the chemical
potential of gaseous hydrogen (1/2 u (Hy)) at a potential of 0 V. In this way,
the chemical potential of the proton-electron pair can simply be obtained
by calculating the chemical potential of gas-phase H,. The chemical poten-
tial of the electrons can be varied as a function of the applied potential by
the standard relation between chemical and electrical potential, AG = -eU,
where e is the elementary charge and U is the applied bias. Since the SHE is
defined at zero pH, the chemical potential of the solvated protons can also
be varied implicitly:

33



2. Theory and Methodology

G(pH) = —kTIn[H "] = kTIn10 x pH. (2.30)

With this relation, the applied potential can be referenced with respect to
the reversible hydrogen electrode (RHE) at a given pH. The total chemical
potential of the proton-electron pair as a function of applied potential, at
room temperature and pH , can be calculated as:

u(HY) +ule™) = %y(H2(g)) —nel — kTIn10 x pH (2.31)

This is a simple model to include the effect of applied bias and pH. This
method is generally applicable for treating reaction free energies of electro-
chemical systems. However, all the calculations presented in this thesis and
in the attached papers are at pH = 0.
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Computational modelling

3.1 Systems modelling

To carry out the electronic structure calculations, 25 transition metal monon-
itrides in four different structures, as shown in Figure 3.1, were modelled
making hundred potential candidates in total. These structures are: the
(100) and (111) of the NaCl-type or rocksalt (RS) and the (100) and (110) of
the zincblende (ZB) structures. We modeled a five-layer nitride slab with
four metal atoms and four nitrogen atoms in each layer. The bottom two
layers were frozen and the uppermost layers as well as the adsorbed species
were allowed to fully relax.

Figure 3.1: Metal nitride unit cell and top views of the low-index surfaces used
in this study: (a) rocksalt (100), (b) rocksalt (111), (c) zinc blende (100), and (d)
zinc blende (110). The surface unit cells have been repeated once in the lateral
directions. Metal atoms are represented by cyan spheres and nitrogen atoms by
dark blue spheres.

Boundary conditions were periodic in the x and y directions and surfaces
were separated by 12A of vacuum in the z direction. Due to the large
vacuum layer used in our modelling and in order to improve calculational
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convergence, the calculations were run without imposing a dipole correc-
tion perpendicular to the surface. Test calculations confirm that the effect
of adding a dipole correction is small and in no cases above 35 meV. The
structural optimization was considered converged when the forces on all
moveable atoms were below 0.01 eV/A in any direction. A previous study
showed several of the 3d mononitrides to be either antiferromagnetic (RS
VN, CrN, MnN, FeN and ZB MnN) or ferromagnetic (ZB VN, CrN) at their
equilibrium lattice constants and as such are treated as spin-polarized in
our calculations by turning on the corresponding tag in the INCAR file and
choosing the appropriate magnetic moment [124]. The RPBE lattice con-
stants are also taken from that study where their calculated values are 1-2%
from the experimental values. All calculations were conducted with DFT
using the RPBE exchange-correlation functional [112]. A plane-wave basis
set with an energy cutoff of 350 eV was used to represent the valence elec-
trons with a PAW representation [125] of the core electrons as implemented
in the VASP 5.3.2 code [114H118]]. Our test calculations confirm that the
effect of employing higher cut-off value (500 eV) is as small as 20-45 meV
on adsorption energy of the species on the surface. Therefore, 350 eV was
chosen as relatively fair compromise between accuracy and speed. Iterative
diagonalization of the Kohn-Sham Hamiltonian was used to determine the
self-consistent electron density, with the occupation of the Kohn-Sham or-
bitals being smeared according to a Fermi-Dirac distribution with a smear-
ing parameter of kgT = 0.1 eV. The k-point sampling used for all the surfaces
was a 4 x 4 x 1 Monkhorst-Pack sampling [126]. Activation energies are
calculated as the highest point along the minimum energy path (MEP) cal-
culated using the climbing image nudged elastic band method (CI-NEB)
[121} 122].

3.2 Calculating free energy pathways

The cathode reaction of the electrochemical nitrogen reduction to ammonia
is considered to be:

No+6(H" +e7) = 2NH; (3.1)

The source of protons could be either water splitting or Hj in the anode
reaction. But we refer to H, here only as a convenient source of protons
and electrons to link our absolute potential vs. standard hydrogen electrode
(SHE) [66]:
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3.2. Calculating free energy pathways

Hy=2(H" +e7) (3.2)

Since we do these analyses at pH = 0, all the predicted onset potentials
vs. SHE become equivalent to reversible hydrogen electrode (RHE) at zero
pH. These onset potentials can be easily calculated for different pH values
according to the Nernst equation when needed: E = E° + (0.059 x pH)

With the aid of DFT, we calculate the total electronic energy of a system at
absolute zero, T = 0 K. To obtain the enthalpy of the system, we need to add
the zero point energy (ZPE) to the electronic energy of that configuration,
which is the lowest energy that this system can have. This is usually referred
to as the ground state energy, but it is noted here that this can in principle
be done at any point on the potential energy surface (PES), e.g. the saddle
point, not only at a local minimum of the PES. The energy associated with
the ground state of the quantum harmonic oscillator is:

E=— (3.3)

where 7 is the Planck’s constant and w is the angular frequency. To obtain
the free energy of a system, we need to include the entropy contribution
and add that to the enthalpy. The vibrational frequencies obtained with the
normal mode analysis (NMA) are used to calculate both the ZPE of a certain
configuration on the PES and also the vibrational entropy, both for ground
states and TS. With the ZPE and the vibrational entropy, we can calculate
the free energy change when a gas phase molecule (A;) adsorbs (A*) on a
surface site (*):

A G(0) g« = AEg + A(ZPE) — AS (3.4)

where A(ZPE) and AS are the change in ZPE and entropy when the gas
phase molecule is adsorbed on the surface. The frequencies of the adsorbed
states are calculated via the NMA and may be used to calculate both the
ZPE and the vibrational entropy of A, and we take the ZPE and the entropy
of the gas phase molecules from standard molecular tables [127,[128]. These
free energies are calculated for all the stable intermediates along the path to
construct the free energy pathway or free energy diagram.

The AE4* is the binding energy (E) when a gas phase molecule is adsorbed
on the surface. In case of adsorption of hydrogen, for example:
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1
ANEps = Egr — Ecteansurface — EHz(g) (3:5)

1 1
A G- = AEg + [(E(ZPE)+ — 5E(ZPE) () — (T(St = 5Sma(g))]
(3.6)

The effect of an applied bias, U, is included for all electrochemical reaction
steps by shifting the free energy for reactions involving n electrons by -
neU:[65]

A G(U) = AG(0) — neld (3.7)

In this thesis, a heterogeneous MvK-type mechanism is considered where a
surface N atom is reduced to NHj3 and the created nitrogen vacancy (single
or dimer N-vacancy) is then replenished with gaseous N,. So hydrogena-
tion of the surface N is carried out by adding H atoms one-by-one to it to
represent a proton from the solution and an electron from the electrode sur-
face. The reaction mechanism is shown in equations (3.8)—(3.16) and with a
ball-and-stick representation in Figure 3.2.

*+6(H Y +e )+ Ny =*H+5H"+e )+ N, (3.8)
*H+5H"+e )+ No="2H+4(H" +e )+ N, (3.9)
2H+4(H  +e )+ Ny =*3H+3(H" +¢7 )+ N, (3.10)

BH4+3H +e )+ No = N4 NH;+3(H  +¢7 )+ N, (3.11)

N 3(H " +e )+ N, = *N+3(H"+¢7) (3.12)

“N+3(Ht+¢) =*NH+2(H" +¢") (3.13)
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3.2. Calculating free energy pathways

*NH+2(H" +e”) =*NHy+ (H" +¢7) (3.14)
*NHy+ (H" +¢7) = *NH; (3.15)
*NH3z = *+ NHj3 (3.16)

An asterisk,*, represents a site on the surface. A N-vacancy in the surface
layer is denoted as *~N. DFT calculations are used to calculate the mini-
mum energy configuration of each species on the surface and to calculate
adsorption energies of all intermediates according to reactions (3.8)—(3.16).
A slightly different reaction mechanism, called dimer N-vacancy, is consid-
ered for the RS(100) of ScN, TiN, CrN, YN and MnN and all the ZB(110)
surfaces due to the existence of a prohibitively large thermochemical barrier
to replenish the N-vacancy with gaseous Nj. An example of the effect of
these considerations is shown in Figure 3.3. The single N-vacancy approach
studied for the RS(100) facets [95] [129] is not applicable for the RS(111) sur-
faces either, due to the closely packed structure of the (111) surfaces where
N atoms are protruded from the surface. For these surfaces, the dimer N-
vacancy approach is investigated. In this mechanism, two NH3 molecules
are formed from two surface N atoms and a dimer N-vacancy is created
before regenerating the catalyst with gaseous Nj. The mechanism is given
in eqns (3.17)-(3.25). In this mechanism, the free energy change to fill the
N-vacancy is greatly reduced and, in most cases, N, adsorption is no longer
the rate- determining step (RDS).

*16(H +e )+ No=*H+5H " +e7 )+ Ny (3.17)
*H+5H"+e )+ Ny =" 2H+4(H" +e7 )+ N, (3.18)
*2H+4(H " +e )+ Ny = *3H+3(H " +¢7) + N (3.19)

BH+3H  +e )+ Ny =* N4 NH; +3(H" +e7) + N, (3.20)
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Figure 3.2: Mars—van Krevelen mechanism for ammonia formation on the (100)
facet of the RS structure (a) and the (110) facet of the ZB structure (b) of transition
metal mononitrides. For better illustration, more than one supercell is depicted
but for the second ammonia molecule formation, the extra adsorbates that should
be visible due to periodic boundary conditions are not shown. S stands for surface
atoms and sub denotes the sub-layer.

*No3HY+e )+ No =" N4 *H42(H +e7 )+ N, (3.21)

N HA2H +e )+ No= N4 2H+ (H  +e )+ N, (3.22)

N OH4+ (H  +e )+ Ny = N4 3H+ N, (3.23)

N 3H4+ N, = * 2N NH; + N> (3.24)
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3.2. Calculating free energy pathways

2NN, = (3.25)

As a first approximation when screening for catalytic activity, the surface
site in equations (3.8)—(3.16) is restricted to a single nitrogen site where
each hydrogen is added to the same N atom. One NHj is formed after
3(H" +e7) are transferred, and the second NHj is formed after 6(H" +¢7)
in total. This is hereafter referred to as a “constrained” mechanism. An
example of such a free energy diagram is in Figure 3.4.

3
= U =0V, dimer vacancy
= U =0V, single vacancy
Njo) &
2 f—
> { RDS NH,(g)
2 :' 2.16 eV
> ¢ ! N,(9)
D1 [ (B)A NHy(g) o
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- . e —
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Figure 3.3: Free energy diagram for NH3 formation via a constrained Mars—van
Krevelen mechanism on the (100) facet of RS MnN. For MnN, the potential-
determining step is the fifth protonation step of surface N with AG = 0.59 éV.
The blue line indicates the free energy of all the stable intermediates calculated at
zero potential until one ammonia molecule is formed via single-vacancy approach.
There is a non-electrochemical step with thermochemical barrier of 2.16 €V to fill
the N-vacancy. The purple line indicates the free energy of all the intermediates
when a dimer vacancy is considered at zero potential.
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Figure 3.4: Free energy diagram for NH3 formation via a constrained Mars—van
Krevelen mechanism on the (100) facet of RS ZrN. For ZrN, the potential-
determining step is the first protonation step of surface N with AG = 0.99 eV.
The blue line indicates the free energy of all the stable intermediates calculated at
zero potential. The red line represents the free energy of all the stable intermediates
at the onset potential.

Explicit inclusion of a water layer [17] has not been considered in the present
work due to the large computational effort required. It has been shown that
the presence of water may help stabilize some species more than others via
hydrogen bonding [130]. However, this solvation-induced stabilization of
adsorbates in the NER are estimated to be below 0.1 eV [131]. From this we
conclude that the onset potentials calculated in the present thesis are likely
to change by a similar magnitude, and we do not include this correction in
the data presented in this thesis.

3.3 Towards more realistic free energy pathways with an
unconstrained mechanism

For a more detailed investigation of the catalytic activity and specially se-
lectivity, the restriction of adsorption of H only on the surface N is lifted
and all possible adsorption sites for each H are considered, including ad-
sorption on metal atoms, other surface N atoms, bridge positions, and so
on. This is accordingly referred to as an “unconstrained” mechanism. In
this way, the possibility of a catalyst requiring more than six protons and
electrons to form 2NHj is explored and also the possibility of forming Hp,
rather than NHj3. The advantage of this approach is that it allows us to
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3.4. Calculating onset potentials

explicitly consider the possibility of hydrogen production on all these ni-
tride candidates within our mechanistic model by removing the constraint
of proton adsorption occurring only on surface nitrogen atoms. That will
help us to pick the most selective candidate for experimental examinations.
Figure 3.5 illustrates the free energy of the (100) facets of the RS structure of
Z1N, for example. Notice how the reaction path and the PDS is changed by
going from constrained (shown in Figure 3.4) to unconstrained mechanism
(shown in Figure 3.5) and including the effect of coverage.

Free energy / eV
-

Reaction Coordinate

Figure 3.5: Free energy diagram for NHj3 formation via an unconstrained
Mars—van Krevelen mechanism on the (100) facet of RS ZrN. The potential-
determining step is the second protonation step with AG = 0.76 eV. Upon re-
plenishment of the N-vacancy, one proton that was already adsorbed on Zr metal
(BZrH) migrates to the N-adatom to make NH (ENH). The blue line indicates the
free energy of all the stable intermediates calculated at zero potential. The red line
represents the free energy of all the stable intermediates at the onset potential.

3.4 Calculating onset potentials

The free energy of all intermediates is calculated according to equation (3.),
with reference to Ny and Hj in the gas phase. The PDS and our measure
of the catalytic activity towards NH3 formation on each nitride is identified
as the elementary reaction step with the largest increase in free energy (as
shown in FEDs in Figures 3.3, 3.4, 3.5). When this elementary step can be
eliminated by applying a bias, it is referred to as the onset potential, which
is the bias that needs to be applied in order to shift the free energy land-
scape in such a way that all reactions steps become downhill in free energy.
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Therefore, the onset potential is defined based on the largest difference in
free energy of two adjacent steps obtained from:

AG=-U (3.26)

Two types of elementary steps are assumed in the modeling with regards
to the effect of the onset potential in shifting the FEDs. One is an electro-
chemical step with proton/electron transfer, such as hydrogenation of the
nitride surface. In the constructed FEDs shown earlier, the largest differ-
ence between the two adjacent electrochemical steps is termed the PDS, as
it indicates the bias required making all electrochemical steps exergonic.
Another type of elementary step is a non-electrochemical step without pro-
ton/electron transfer, which are replenishment of the nitride with solvated
dinitrogen molecules from the electrolyte and desorption of NH3 molecule
from the surface. These types of steps cannot be tuned by applying bias
and consequently determines the rate of the reaction (if those steps are en-
dergonic on a particular TMN surfaces) and are labeled RDS. However in
case desorption of ammonia becomes endergonic, the ammonia molecules
formed on the surface are expected to get further protonated in acidic solu-
tions to NHZ and released into the solution, therefore facilitates this step in
the reaction.
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Results

In this chapter, we offer a summary of the results obtained with this PhD
thesis. Interested readers can refer to the articles published from the con-
tents of this thesis for more detailed description of the results. These articles
are attached to the end of this thesis.

4.1 Ammonia synthesis

In this section, we provide a summary of the results obtained on nitrogen
electroreduction to ammonia on the surface of transition metal nitrides. The
subsections mentioned below are the most important criteria investigated in
pursuit of exploring the most promising nitride candidate for experimental
tests. The main competitive side reaction in ammonia production is the
hydrogen evolution reaction (HER). In the next section, section 4.2, we will
present results on the possibility of catalyzing the HER on the surface of
these nitrides.

Structural stability

Each slab is relaxed and the total energies compared to determine the most
stable facet of a given metal nitride. Most of the nitrides of the early tran-
sition metals (d!~°) as well as the d° metals are found to be most stable in
the RS crystal structure and, for all of these, the (100) facet is more stable
than the (111) facet. These are ScN, TiN, VN, CrN, MnN, YN, ZrN, NbN,
MoN, HfN, TaN, WN, CuN, and AgN. For most of the nitrides of the deé,
d” and d® transition metals, the ZB(110) facet is the most stable. These are
FeN, CoN, NiN, RuN, RhN, PdN, OsN, and IrN. These findings agree with
the generally accepted trend of early transition metal nitrides being most
stable in RS structure while the later transition metal nitrides are usually
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most stable in ZB [132H134]. Regarding facet stability, experimental studies
show that the growth of films of ZrN, TiN, NbN, CrN, and VN results in
the texture coefficient for the (100) planes of the synthesized polycrystalline
films to be one of the major preferential directions [135H141]. For all con-
sidered surfaces of ReN, PtN, and AuN, significant distortion of the surface
atoms is observed during relaxation and thus these nitrides are considered
unstable and eliminated from further study. Although only the RS(100) and
ZB(110) came out to be the most stable structures within this analysis, the
stability of other facets of some of these nitrides are only slightly lower than
the most stable one shown in Figure 4.1. Thus, we consider these nitrides
in RS(111) and ZB(100) as well because it is possible that some nitrides in
these structures/facets are also relatively stable and catalytically active.

21 22 23 24 25 29
Sc Ti Vv Cr | Mn Cu
Scandium Titanium Vanadium | Chromium | Manganese Copper
44.95910 47.867 50.9415 51.9961 54.938049 63.546
39 40 41 42 43 47
Y Zr Nb | Mo Ag
Yttrium Zirconium Niobium Molybdenum Technetium Silver
88.90585 91.224 92.90638 95.94 98 107.8682
57 72 73 74
Hf Ta W
Lahthanide Hafnium Tantalum Tungsten
138.9055 178.49 180.9479 183.84

RS(100) Unstable 7ZB(110)

Figure 4.1: The most stable facet of a given transition metal nitride.

Catalytic activity

The catalytic activity of the nitrides towards electrochemical ammonia for-
mation is calculated according to the unconstrained mechanism given in
eqns (3.8)—(3.16) for most of the RS(100) nitride slabs and eqns (3.17)—(3.25)
for all the RS(111) and ZB(110) nitrides slabs. At every hydrogenation step,
various possible adsorption sites are inspected, including other N atoms,
metal atoms, and bridging sites to evaluate the most stable adsorption site.
The free energy of all intermediates is calculated according to eqn (3.4), with
reference to N and Hy in the gas phase. Free energy diagrams for half of
this process (formation of only one ammonia molecule) on the nitrides of
V, Zr, Cr, and Nb are shown in Figure 4.2 as an example. The large free
energy difference observed between the reactants (N, + 3H;) and products
(2NH3) is because these different metal nitride surfaces adsorb different
numbers of H atoms before releasing NH3 (in most cases, more than three
proton/electron pairs are required for formation of an ammonia molecule)
and not because of the energy required to form the N vacancy. The largest
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free energy is shown as the PDS and the species formed at each step is also
noted.
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Figure 4.2: Free enerqy diagrams for NHj3 formation via a Mars-van Krevelen
mechanism on different facets of RS and ZB crystal structures of VN, ZrN, CrN,
and NDN at zero potential. The labels below each free energy diagram show the
most energetically favorable intermediates that form on the surface at each step.
A, B, C, and D identify on which metal atom or surface niyrogen the H adsorbs,
where those labels are specified in Figure 3.1. The terms 4% Zry, and BAZr,
mentioned for the ZB(110) of ZrN indicate that H adatoms adsorb on a bridge
position between two adjacent Zr atoms (4Zr and BZr). The (100) facets of ZB
structure of ZrN and NUN are not included here due to structural instability, and
they are therefore excluded from further study. All the FEDs constructed within
this thesis for formation of two ammonia molecules are available in the publications
attached.

Considering first the RS(100) nitrides, it can be seen that, for most of these
nitrides, every protonation step is endergonic. However, the free energy
required at each step is rather low and can be overcome with an applied
bias of less than -0.80 V vs SHE. For ZrN, NbN, and VN, the release of
NHj is also endergonic, and this cannot be overcome with an applied bias.
However, in acidic conditions, the adsorbed NHj is likely to get further
protonated to NH; and released into the solution, thereby avoiding this
small increase in free energy. Thus, this step is not discussed further. A
notable feature of the RS(100) nitrides is that, in general, very few Ht /e~
pairs are required to generate NH3. For CrN and VN, each protonation
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step adds to the same surface N atom, meaning that the minimum of three
Ht /e~ pairs is required to form one NHj3. For the three other facets, more
than the minimum H" /e~ pairs are required due to the protons adding
either to neighboring nitrogen or metal atoms in some elementary steps.
This means that a higher current efficiency should be expected for formation
of the first NHj on the RS(100) facets. However, it should be noted that this
is only half of the catalytic cycle for ammonia formation on transition metal
nitrides.

For the RS(111) nitrides, it is seen that the most favorable H adsorption site
is always a surface N with no tendency of binding H to neighboring metal
atom(s), even at high coverage. On other facets, H adsorption is usually
seen on neighboring metal atom(s) at low coverage. The only exception is
VN, for which metal protonation is never the lowest energy configuration on
any facet, and it is always the surface N that adsorbs protons strongly. The
preferential binding to the N atoms of the (111) facets can be rationalized by
the texture of the facet. The N atoms protrude somewhat from the surface
and are thus more exposed than the metal atoms. In general, the largest
increase in free energy is greater for the (111) facets than for the (100) facets.
In our previous work [95], it was found that protonation of neighboring
metal atoms usually lowered the free energy of the PDS for a given nitride,
by up to 0.3 €V. This might explain the observation regarding higher AG;,x
on (111) facets, where such proton coverage on metal atoms is missing.
Another interesting point for the (111) facets is that, in all cases, all of the
surface nitrogen atoms are at least singly protonated before an ammonia
molecule is formed. Again, this implies a lower current efficiency.

The zincblende surfaces, in general, require more H /e~ pairs to form
NH; than the analogous rocksalt surfaces; however, all surfaces are rather
unique in the order of protonation. Aside from VN, where all the protons
are only added to the surface nitrogen(s), some degree of metal atom proto-
nation seems required for other nitrides before forming NHj3. The ZB(100)
surfaces of CrN and VN are somewhat less active than other facets of the
same nitrides toward forming one NHs molecule, with AG;4x of around 1
eV. The ZB(100) of ZrN and NbN was found to be unstable upon geome-
try optimization and therefore excluded from the rest of the study. Of the
7ZB(110) surfaces, CrN and NbN are expected to be rather good at forming
NHj;, with low values of AGyx (~0.5 eV). ZrN suffers from both a high
AGpayx (~1 €V) and a requirement of almost 4 times the minimum num-
ber of H /e~ pairs to form NHj. A final point to note is that, for all of
the nitride surfaces considered here, rather than formation of a monolayer
of H on the surface that could cause recombination of hydrogen and des-

48



4.1. Ammonia synthesis

orption as Hy, NHj3 is formed. This is significant as it implies that NHj3
will be formed preferentially over the evolution of hydrogen, which was a
substantial problem with pure metal surfaces [142].

The FEDs were constructed for all the nitride surfaces considered in this the-
sis, and can be found in the relevant publications included at the end of the
thesis. Constructing these FEDs helps predict the onset potential required
for nitrogen reduction to ammonia. As mentioned, these onset potentials
are equivalent to the negative of the free energy change of the PDS, -AGpps.
In Figures 4.3 and 4.4, we summarize a few of the results obtained through
our DFT calculations regarding the activity of all the studied nitrides. The
results embedded in these two Figures are: the onset potential (or the free
energy change of the PDS), the species formed prior to and right at the
PDS, total number of proton-electron pairs needed for formation of 2NHj3
molecules, and the value of the RDS (originating from replenishment of the
N-vacancy). As can be seen, these nitride surfaces behave very differently in
the catalytic formation of ammonia. For all the RS(100) nitrides, small onset
potentials are predicted for this reaction (smaller than -1.0 V). It is also seen
that usually fewer proton-electron pairs are needed for formation of am-
monia on these RS(100) surfaces, while higher numbers of proton-electron
pairs are predicted to be needed for formation of two ammonia molecules
on other structures. That is anticipated to lower the current efficiency of
ammonia formation, as the chance of HER arises due to higher H coverage
on these surfaces. For VN and CrN in the RS5(100), for example, high cur-
rent efficiency is expected to be achieved for ammonia as all the adsorbed
hydrogens are spent for reduction of nitrogen.

Amongst the nitrides presented here, there are some that easily reduce sur-
face nitrogen to ammonia with AGppg of zero (exergonic reaction path) or
very close to zero. These are the ZB(100) of RhN and the ZB(110) of NiN,
RhN, PdN, IrN, and PtN. Nonetheless, the main issue with these materials
is that replenishment of the N-vacancy is usually very slow with relatively
huge AGgps for this step. That hinders refreshing of the catalytic cycle and
thus these surfaces act more as reactants than catalysts.
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Figure 4.3: Free enerqy change of the PDS (AGpps, in éV) of nitrogen activation
to ammonia on the rocksalt structures of TMIN surfaces. The labels above each bar
indicate the species formed prior to the PDS and the bold texts indicate the species
formed right at the PDS, the notation of which is explained in Figures 3.1 and
4.2. The required number of proton-electron pairs for formation of two ammonia
molecules are also included inside each bar. For MnN, the value of the RDS coming
from filling the vacancy is also mentioned in red.
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Figure 4.4: Free energy change of the PDS (AGpps, in V) of nitrogen activation
to ammonia on the zincblende structures of TMN surfaces. The labels above each
bar indicate the species formed prior to the PDS and the bold texts indicate the
species formed right at the PDS, the notation of which is explained in Figures 3.1
and 4.2. The required number of proton-electron pairs for formation of two ammonia
molecules are also included inside each bar. For the (100) facets of the ZB structure
of RhN and OsN, as well as the (110) facets of NiN, RhN, PAN, OsN, IrN, and
PtN the value of the RDS coming from filling the vacancy is also mentioned in red.
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4. Results

For the RS(111) [79] and the ZB(110) [143], a clear trend is found for the
catalytic activity (or the onset potential). As can be seen from Figures 4.3
and 4.4, the activity increases from left to the right on the periodic table.
Therefore, we explored if any correlation between the activity and a ma-
terial dependent descriptor could be found. The onset potential predicted
for ammonia formation was found to correlate well with the dissociation
energy of di-nitrogen in dimer N-vacancy. This correlation is shown in Fig-
ure 4.5 where the onset potential of these materials becomes less negative
as the dissociative energy of di-nitrogen on the vacant sites becomes more
positive. However, as the dissociative energy becomes more endergonic it
becomes harder to regenerate the N-vacancies. That means that the best
material is the one that compromises both features: the onset potential and
the ability to regenerate the vacant sites.
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Figure 4.5: The onset potential of ammonia formation on the RS(111) and the
ZB(110) facets of TMNs as a function of the chemisorption energy of two N-
adatoms in the N-vacancy.

Stability against poisoning

In the MvK mechanism explored throughout this thesis, one important con-
sideration is that after surface Ns have reacted and vacancies created at the
surface, these vacancies must be filled with N, from the electrolyte for the
catalytic cycle to continue. However, the vacancy might instead be filled
with a H*, O~ or OH™ species from the aqueous electrolyte, any of which
could block these active surface sites, prevent filling the vacancy with nitro-
gen, and thus poison the catalyst.
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4. Results

The competition between nitrogen with H*, 0>~ or OH™~ for filling the
surface vacancy is investigated by considering the free energy of filling the
vacancy with any of these species relative to nitrogen AG,,n_.x), where
X = Ht, O*= or OH~. The source of these ions is from the water molecules
or hydronium ions in the electrolyte that result in formation of Ht, O* or
OH™ under operating conditions. We calculate the difference in adsorption
energy of these species compared to adsorbing nitrogen at the onset poten-
tial of ammonia formation. These free energies are referenced to Np, H,O
and H; in the gas phase. A negative value of AG(,on_.x) indicates that it is
thermodynamically favorable to fill the vacancy with nitrogen, rather than
other three species. These values are shown in Figure 4.6 for all the nitrides
investigated in this thesis, and the onset potential (V vs. RHE) of each ni-
tride at which these values are calculated also provided in this Figure. As
seen, N atoms bind more strongly than H, OH, and O atoms to the surface
vacancy for most of the nitrides considered. Hence, it is likely that none
of these three species will poison the surface vacancy. The weaker binding
of O to N vacancy compared to H is as expected because, when the bias is
tuned toward more negative values, the O species binds more weakly on
the surface compared to H,O in the gas phase:

HyO+* — *O+2H" 4 2¢~ 4.1)

Conversely, the H adsorption free energy becomes more negative when the
bias is lowered:

Hf +e — *H (4.2)

In the RS(100) family, there is only MoN for which H and OH bind the sur-
face vacancy more strongly than N. In the RS(111) category, this holds true
for MnN and WN, while for CrN, it is only H that binds the vacancy slightly
more strongly than N. For these nitrides as well: the ZB(100) of CrN, WN,
OsN, and RhN plus the ZB(110) of NiN, RhN, PdN, OsN, IrN, and PtN, one
of these poisoning species can block the surface vacancy. If this happens,
these nitrides will have difficulty regenerating themselves by replenishing
of the surface vacancy with nitrogen and consequently the catalytic cycle
might cease.
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Figure 4.6: Comparison of the free energy of adsorption of O, OH, or H (relative
to 2N) to the surface vacancy of catalytically active nitrides (AG(,on_,x), in eV).
Free energies are calculated relative to No(g), 1/2H5(g), and HyO o). All free ener-
gies are evaluated at the calculated onset potential for each nitride (onset potentials
are shown vs RHE).

Stability against decomposition

As explained earlier, in the MvK mechanism a surface nitrogen atom is re-
duced to form NHj after which the resulting vacancy is replenished by an
N, molecule solvated in the electrolyte. For this replenishment to occur,
the vacancy needs to be stable at the surface. If this is not the case, the va-
cancy may migrate to the bulk of the catalyst, meaning that the N-vacancy
in the first surface layer is replaced with more nitrogen from the catalyst
itself, rather than with Ny from the electrolyte. This process can, in prin-
ciple, continue until all the nitrogen atoms of the metal nitride have been
reacted and reduced to NHj3, leaving only the pure metal. The stability of
the vacancy at the surface and thus stability of the nitrides against decom-
position is estimated by comparing the difference in energy of a nitride slab
with a single N-vacancy in the surface layer (E,,. ;) and to that of a single
N-vacancy in the first subsurface layer (E;, ). The minimum energy con-
figuration of each of these slabs is found and the energy difference (AEyc
= Evac,r - Eoac,i) used as an estimation of the thermodynamic stability of
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4. Results

the vacancy at the surface of the nitride. Activation energies for vacancy
migration (Eguac) are also calculated with CI-NEB calculations. Figure 4.7
shows the kinetics of the vacancy migration into the bulk as a function of
thermodynamics for the RS(100) and ZB(110) surfaces as an example.
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Figure 4.7: Energy differences (AEyac) of a N vacancy at the surface layer and
in the first subsurface layer of a nitride and the associated activation barrier of N
vacancy migration (Eg yac).

As can be seen for most nitrides, it is thermodynamically favorable for the
vacancy to migrate to the bulk, with AEy, less than or close to zero. How-
ever, many of the considered nitrides in both the RS(100) and ZB(110) ex-
hibit a high activation barrier for vacancy migration and are thus expected
to demonstrate a kinetically stable N vacancy on the surface.

Regeneration of the active site on the surface

For a more detailed assessment of the stability of the nitrogen vacancy and
feasibility of regeneration of the catalyst, the competition between migra-
tion of the vacancy from the surface into the bulk (decomposition) after
formation of ammonia molecule and replenishment of the vacancy with ni-
trogen is inspected. The activation free energy (G;) for both processes are
calculated, where G, = E; for the vacancy migration process, but G, = E,
+ 0.6 eV for the process of replenishing the vacancy with nitrogen. When
molecular nitrogen splits and binds to the vacancy, it loses 0.6 eV of entropy
at room temperature going from gas phase to the adsorbed state on the
surface [128]. Therefore, even if the activation energy of vacancy replenish-
ment is calculated to be 0.0 eV, the activation energy of migration should be
higher than 0.6 eV so that replenishment can occur faster. If the vacancy is
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4.1. Ammonia synthesis

likely to replenish faster than it migrates into the bulk, the catalyst is likely
to be able to regenerate itself and endure the catalytic cycle. The free energy
barriers (G,) for each process are displayed in Figure 4.8 a-d for the most
promising candidates found by this thesis as an exmaple, and the rest are
accessible in the attached publications.
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Figure 4.8: Calculated activation free energies (G,) of regenerating the catalyst
by Ny dissociation for replenishment of the N vacancy compared with activation
free energies of vacancy migration into the bulk (migration of nitrogen atoms from
the bulk toward the surface) for (a) RS(100), (b) RS(111), (c) ZB(100), and (d)
ZB(110).

As can be seen, the catalytic cycle of 2NHj3 formation should be sustained
on all facets of ZrN as regeneration of the catalyst with nitrogen (replen-
ishment of the vacancy) always occurs faster than migration of the nitrogen
content into the surface (decomposition). Therefore, a polycrystalline film
of such a catalyst should not result in decomposition in an experimental
setup. For NbN, both the (100) and (111) facets of the RS structure should
have a stable vacancy at the surface and hence a sustainable catalytic cycle.
As identified in Figure 4.7, the ZB(110) facet of NbN has a very low barrier
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for vacancy migration, which is indeed lower than the barrier for vacancy
replenishment. Therefore, the nitrogen content might leak out after forma-
tion of the first ammonia molecule. Furthermore, the bias required to form
ammonia on this facet (-0.59 V) is lower than the bias required for ammonia
formation on its other facets, thus formation of ammonia is likely to result
in decomposition of the catalyst by migration of the bulk N to the surface.
The only solution for using NbN as an electrocatalyst is, hence, to grow a
single crystal of the RS NbN.

For the RS(100) and ZB(100/110) of CrN, vacancy migration was found to
exhibit higher activation energy than vacancy replenishment. This means
that regeneration of the CrN catalyst in these structures should occur much
faster than its decomposition. Therefore, these facets of CrN should be able
to offier sustainable catalytic cycles. But for the RS(111) of CrN, catalyst
regeneration takes place much slower than decomposition, and that might
result in the nitrogen content leaking out if a polycrystalline film of this cat-
alyst is used in the experiment. This issue can be avoided if the RS(111) facet
of CrN is eliminated from the experimentally synthesized CrN catalyst.

For VN, all facets except for RS(100) exhibit faster vacancy migration than
replenishment of the N-vacancy and are likely to leak the nitrogen content
out if ammonia is formed on these facets. However, the bias required to
form NH3 on VN RS(100) is only -0.51 V, compared with at least -0.85 V or
more negative on its other facets. Hence, decomposition of a polycrystalline
catalyst of VN could be prevented by applying a low bias of up to -0.8 V
and forming NHj3 only on the RS(100) facets.

Promising candidates to be tested in experiments

Finally, the stable nitride candidates for which the rate and efficiency of
NH; formation is expected to be high are collected in Figure 4.9. As can be
seen, all the RS(100) surfaces require only a small bias to reduce nitrogen
to ammonia. The ZB(110) of CrN is also as active. However, the RS(111) of
ZrN and NbN as well as the ZB(110) of ZrN need to have more negative
bias to reduce N, to NH;3. The ZB(110) of RuN seems promising as well
with 100% current efficiency predicted at only small negative bias of -0.23
V. In addition, hydrogen production on all of these nitride candidates is
explicitly considered within our mechanistic model, and accordingly, all
of these candidates should suppress competitive hydrogen production, in
contrast to metallic surfaces that almost exclusively evolve hydrogen gas
[142].
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Nitride RS(100) RS(111) ZB(100) 7B(110)
NbN Unstable
CrN
VN
RulN Ongoing Ongoing

Figure 4.9: Most promising facets of the nitride candidates (green background)
and corresponding potential window and current efficiency for Ny electroreduction
to NHz via the MuK mechanism on ZrN, NbN, CrN, VN, and RuN. These data
are extracted for refrences [79, 181} 87, [143-745].

4.2 Hydrogen evolution reaction

In pursuit of new catalyst materials for nitrogen electroreduction reaction
(NER) to ammonia, we found that amongst the mono-nitrides of most of
the d-block metals, the early transition metal nitrides of Sc, Ti, Y, Hf, Mo,
and Ta were most stable in the (100) facet of the NaCl-type structure and
showed no catalytic activity toward NER [95] 129]. The surface of these
nitrides were found to be mainly populated and covered with H up to 1
monolayer (ML) with no *NHj formation, except for MoN where *NHj; was
formed at -0.83 V but the catalytic cycle ended due to poisoning. There-
fore, we hypothesized that they might catalyze the HER instead, which is
a competing reaction to NER. In the present section, these six nitrides are
investigated for electrochemical HER in acidic media. DFT calculations are
used to study the thermodynamics of the cathode reaction. Free energy
diagrams are constructed for the electrochemical protonation of surface to
obtain onset potentials required for HER on transition metal mononitride
structures. For hydrogen evolution, the Tafel mechanism is investigated
here as it was found that the barrier of the Tafel reaction is the predominant
and rate-limiting step on all metal electrodes and surface-independent for

HER [17].
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Free energy diagrams

The trends in hydrogen evolution activity over various transition metals,
metal- and non-metal alloys have been investigated using DFT with the use
of descriptors [146, [147]. AGp,, which is indicative of the adsorption free
energy of hydrogen, has become a conventional descriptor to use when new
class of materials are being screened for HER. According to this descriptor,
and as explained by Sabatier principle, the best catalyst should possess free
binding energies of H close to 0.0 eV. Therefore, calculating the adsorption
free energy of H for different materials is expected to be a suitable approach
for quick comparison of their catalytic activity towards HER. In Figure 4.10,
the FEDs for hydrogen evolution over the studied nitrides are shown at
zero potential (equilibrium). Their catalytic activity is also compared with
the most efficient catalyst already known for this reaction, the Pt(111). For a
chemical process to take place at room temperature, no reaction step can be
associated with large changes in the free energy. This instantaneously elim-
inates Mo(110) as good catalyst, because it forms strong bonds to atomic
hydrogen which implies that the hydrogen release step will be slow. The
same holds true for one of the nitrides studied in this work, ScN. On the
other hand, Au(111) binds weakly to atomic hydrogen and therefore it is
not a good catalyst because the proton/electron transfer step is thermody-
namically uphill and a relatively high overpotential is needed to surpass it
to get the proton binding the surface. The same holds true for TiN studied
here.

As can be seen, YN and MoN with adsorption free energy of +0.004 and
-0.008 eV, respectively, seem to bind H very moderately (around 0.0 eV) and
that should make them as good HER catalysts as Pt(111). They also look
more promising than W-Cu catalyst with AGg.,. of 0.07 eV [147] and MoS;
edges with AGp, = 0.08 eV [148]. HfN and TaN are also predicted to be
active within this analysis with AGp,. = -0.059 and -0.092 eV, respectively.
They all even look more promising when compared with Ni;P which has a
free energy of adsorption of H of 0.19 eV [149]. The binding free energies
of H to the surface of ScN and TiN are -0.35 and 0.60 eV, respectively. The
former binds H stronger and that makes evolution of H; difficult compared
to Pt, whereas the latter binds H so weakly that it is difficult to add the pro-
ton on the surface without applying a more negative bias. The activity of
ScN might be on par with that of Mo(111), and TiN seem to be the least ac-
tive candidate from the perspective of this common descriptor. From these
FEDs, it appears that some of the nitrides shown in Figure 4.10A adsorb H
relatively moderately and there it could be anticipated that hydrogen evolu-
tion would be facilitated on the surface of these materials. It is a necessary
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Figure 4.10: *H-descriptor based (A) and 2*Hs-descriptor based (B) free energy
diagrams for the HER. In order for the H, to evolve, there should be at least 2*Hs on
the surface to recombine via a Tafel mechanism. The *H-descriptor based FED is the
conventional approach for comparison of the catalytic activity of various materials.
However, as can be seen by comparing (A) and (B), the 2*H-descriptor based FED
provides completely different picture and would give different predictions of the
catalytic activities of these materials than the *H-descriptor would predict. The
energies for the adsorbed intermediate are calculated with DFT for the coverage of
1/8 (A) and 2/8 (B) at standard conditions (pH = 0, 1 bar of Hp, U = 0, and 298
K). The values for pure metals are taken from Skiilason et al., 2010 and shown with
dashed lines for comparison. For pure metals, there is an insignificant difference in
the binding free enerqy of *H at this low coverage and therefore the values for 1/4 H
coverage is used in both (A) and (B). The nitrides are shown with solid lines. The
values corresponding to HfN & ScN are 0.34 eV overlaying each other in Figure B.

but not sufficient criterion for a material to be a good catalyst that the free
energy of adsorbed H is close to that of the reactant or product (i.e., AGgs,
=0).

Differential free energy of H adsorption

In the modeling, every possible adsorption site is investigated for each H
addition step. DFT is used to evaluate the most stable adsorption site at
each step and construct the free energy landscape until a full monolayer of
hydrogen (IML = 8H™) is built on the surface of the nitrides. These free
energy landscapes provide more mechanistic details of the process and are
shown in Figure 4.11. The transition metal nitrides of Sc, Ti, Y, Hf, and
Ta investigated here reach an evenly distribution of H on the slab until 1
ML hydrogen coverage is reached (1ML = 8H*, 8 protons for 4 surface N
and 4 surface metal atoms) where both metal and nitrogen atoms on the
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surface are entirely protonated. Neither *NH;, nor *NHj is found being an
energetically favorable intermediate along the path. Therefore, no ammonia
formation should be produced. The only exception is MoN that in addition
to HER at lower coverage change to reduction of surface nitrogen to NHj3
at more than 6/8 H coverage on the surface corresponding to an onset po-
tential of around -0.83 V. But below this onset potential and H coverage, no
ammonia should be produced but adsorbed Hs, specially those bound the
Mo metal atoms, can evolve and form Hj.
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Figure 4.11: Differential free energy of H adsorption. The labels present the most
stable species formed at each hydrogenation step; *NH or *MH. The inset shows the
top-view structure of the surface where the labeling from A to D indicates where
the H-adatoms prefer to adsorb.

For TaN, MoN, and HfN the protons adsorb and bind preferentially to the
metal atoms rather than to the surface nitrogen atoms up to 4/8 ML for TaN
and MoN and 3/8 ML for HfN. Afterwards, surface N atoms are populated
each by one hydrogen (to reach 1ML). But on ScN, YN and TiN, H adsorp-
tion does not follow a specific trend regarding adsorption occurring first on
metal (*MH) or on N sites (*NH). As can be seen, adsorption of the first H to
the surface is very moderate for mononitrides of Y, Mo, Hf and Ta but very
weak on Ti and rather strong on Sc (same as shown by figure 4.10A). When
comparing the catalytic activity of these different material only based on
the free energy of adsorption of first proton (AGp, descriptor), YN seems
to be the most active candidate with AGp, around zero. But for HER to
occur, either the H-adatom should react with a coming proton from elec-
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trolyte via the Heyrovsky mechanism (which has been concluded to have
a high activation energy [17]) or a second proton needs to be adsorbed on
the surface and then recombine with the first H-adatom to evolve hydrogen
via the Tafel mechanism. Therefore, using the differential H adsorption free
energy of 2H* rather than 1H* is more realistic descriptor for the activity on
these metal nitrides. In Figure 4.10B we use the 2H* descriptor in the FED,
and as can be seen, these two descriptors give rather different trends. Con-
sidering hydrogen recombination via the Tafel mechanism, an overpotential
of -0.65 V vs. RHE is needed to apply on YN in order to reach a coverage of
2/8 so that the second *H is formed and then the two *Hs can recombine to
desorb Hy. Alternatively, TaN only requires a small overpotential of -87 mV
to build up such coverage on the surface and evolve Hy. Therefore in reality,
TaN should be by far a better candidate compared to YN. For MoN, HfN,
ScN, and TiN, overpotentials of -0.26, -0.34, -0.34, and -0.8 V, respectively,
are needed.

Figure 4.12 shows the hydrogen coverage on the surface as a function of the
applied potential for the metal nitrides. For TiN and YN, a rather negative
potential is required to reach 2/8 ML (where there is a possibility to have
two Hs next to each other) but as soon as that potential is reached, the
surfaces get fully covered with H adatoms. The onset potential for TiN and
YN is thus large. All the other nitrides builds up the H coverage gradually
as the potential becomes more negative. All these nitrides show a different
trend from Pt(111). There, almost a full ML is reached at only slightly
negative potential where it suddenly requires a rather negative potential to
go beyond a ML.

Activation barrier of the Tafel mechanism and rate of the HER

In Figure 4.13, the activation energy (E;/eV) is plotted as a function of
hydrogen coverage until 1 ML H coverage is reached. This is compared with
Pt(111) data reported by Skulason et al. [17]. As expected, the activation
barriers for HER gets lower with increasing H coverage. The activation
barrier drops down gradually for all the nitrides except TiN and YN where
the barriers are rather constant at any H coverage. This is due to the weak
binding of H on TiN and YN where a potential of around -0.8 V and -0.65
V, respectively, are needed to get the minimum H coverage for HER.

Figure 4.14 shows the activation energy for HER on the metal nitrides stud-
ied here as a function of the electrode potential. Usually the trend is that the
more negative potential applied, the higher H coverage builds on the sur-
face. That causes the activation energy of the 2H* — H) reaction to drop
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Figure 4.12: Hydrogen coverage on the surface of the transition metal nitrides as a
function of applied potential (U/V vs. RHE). 1 ML coverage corresponds to 8H* on
the surface in our model system (consisting of 4 surface metal atoms and 4 surface
nitrogen atoms). The values for Pt(111) are adapted from [17].

significantly. As already mentioned, TaN needs only a small overpotential
of -0.087 V to reach 2/8 coverage, which is the coverage needed for HER to
start in our model system. The barrier of this Tafel reaction is calculated to
be 0.84 eV, surprisingly very similar to that of Pt(111) at 0.85 eV [17]. There-
fore, it is expected that TaN catalyzes HER in a relatively similar manner
as Pt(111) does. Comparing the activation energies of hydrogen evolution
from the surface of ScN, HfN and MoN, the Tafel reaction barrier drops
significantly when coverage changes from 2/8 to 3/8. The lowest activation
energy found for the Tafel reaction is for TiN (less than 0.14 eV), but a rel-
atively high overpotential of -0.8 V is required to adsorb 2Hs on its surface
before H, evolution starts. This makes TiN a less active candidate and can
reduce its attractiveness for experimental analyses. The same holds true for
YN where -0.65 V is needed to reach 2/8 ML while the activation energy of
2*Hs recombination is calculated to be rather low at 0.31 eV.

The theoretical current densities of the HER are estimated as a function of
the electrode potential on the surfaces of these metal nitride catalysts and
compared with that of Pt(111) in Figure 4.14B. The Tafel rate constant of
HER is given by:

k= Aexp*E”/KBT (4.3)
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Figure 4.13: Activation energy (E;/eV) for the Tafel reaction in HER on several
transition metal nitrides as a function of hydrogen coverage. 1ML coverage corre-
sponds to 8H* on the surface in our model system (consisting of 4 surface metal
atoms and 4 surface nitrogen atoms). The values for Pt(111) are adapted from [17]].

we assume a prefactor, A, of the order 1013 site! s~ ! as an Arrhenius rate

constant, which was found to agree well with the measured absolute rate
for HER when used together with the calculated activation energies [17].
E, is the activation energies of the Tafel reaction calculated by the CI-NEB
method in DFT. The surface area per atom, A/N, for Pt was calculated
to be 6.6x107°, and considering the lattice constant of Pt (4.02A) we can
calculate A/N for any nitrides based on its lattice constant. By applying

i=keN/A (4.4)

at 298 K we can obtain the current densities.

As can be seen from Figure 4.14B, at around equilibrium potential, TaN and
Pt(111) have a similar rate, and as the coverage increases the rate of HER
increases gradually. Similar trends are seen for HfN, MoN, and ScN as
well, where the rate of HER increases as the coverage increases. However,
the trends are quite different on the surfaces of YN and TiN. First of all,
as has been discussed earlier, a much more negative potential is required
to start HER on YN and TiN than all the other nitrides studied here. In
addition, when the onset potential is reached, the rate of the Tafel reaction
is rather high and it does not change much depending on the H coverage
on the surface.
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Figure 4.14: Activation energy of Tafel reaction (E,/eV) (A) and theoretical current
densities of the Tafel reaction of the HER (B) as a function of the electrode potential,
U, vs. RHE on several transition metal nitride catalysts obtained according to eqn.
4.3 and 4.4 and compared with Pt(111) adapted from [17]. Applying a potential
of -0.65 V to get minimum H coverage (2/8) on YN will spontaneously result in a
full H coverage as shown in Figure 4.11, and that is why all the points are lying
vertically at -0.65 V for YN.

Volcano plot

Volcano plots became common approach for comparison of the catalytic ac-
tivity of different materials. Therefore, the theoretical current density of the
Tafel reaction for the lowest possible coverage for HER (2/8 ML) is used to
get the location of the best candidate of this study, TaN, on the experimen-
tal volcano plot made for the metals. In Figure 4.15, the theoretical current

66



4.2. Hydrogen evolution reaction

density on the surface of TaN is obtained from the activation energy calcula-
tions when adsorbed Hs on the surface recombine and evolve Hy, and that
is plotted as a function of the free energy of *H adsorbed on the surface.

The results are compared with the experimentally measured exchange cur-
rent density on pure metals adapted from [17]. In the volcano, TaN is also
compared with the experimental current density of MoS,, The experimental
data for MoS; is taken from [18]. Thus, TaN is predicted to show a relatively
high rate of HER comparable to that of MoS, and close to Pt(111).

In conclusion, possibility of catalyzing the hydrogen evolution reaction (HER)
was investigated by DFT calculations on the (100) facet of the NaCl-type
structure of mononitrides of Sc, Ti, Y, Hf, Ta, and Mo at pH = 0. On the
basis of the calculated differential adsorption free energy of H up to a full
monolayer and activation energy of the Tafel reaction for forming Hy, we
estimated the current densities of HER as a function of applied potential on
all the nitrides. It was found that the most promising nitride catalyst is TaN,
which should catalyze HER at potential of around -0.09 V with respect to
RHE. In addjition, the activation energy and rate of the Tafel reaction on TaN
was found very similar to that previously reported on Pt(111) at around the
equilibrium potential.
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Log (i, / (A.cm™))
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Figure 4.15: A volcano plot of the HER for various pure metals, MoSy, and the
most promising transition metal nitride surface, TaN. The NGy, value for TaN is
calculated for 2/8 ML H coverage at 1 bar of Hy and 298 K. Experimental data are
adapted from [[17|] where the circular data points are the measured exchange current
density (open data points for (111) facets but filled data points for polycrystalline)
plotted versus the calculated free energy of H adsorption. The metals on the left side
of the volcano have high H coverage (1 ML) and the metals on the right side low H
coverage (0.25 ML). The experimental data for MoS, is taken from [18].
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Summary and Conclusion

With a hiking global population, increasing energy demands, and imminent
climate change, major apprehensions have been raised over the security of
our energy future. Evolving sustainable and fossil-free pathways to pro-
duce fuels and chemicals of international importance could play a crucial
role in reducing carbon dioxide emissions while providing the feedstocks
needed to make the products we use on a daily basis. One forthcoming
goal is to develop electrochemical conversion processes that, by coupling
to renewable energy, can convert molecules in the atmosphere (e.g., water,
carbon dioxide, and nitrogen) into higher-value products (e.g., hydrogen,
hydrocarbons, oxygenates, and ammonia). Electrocatalysts play a central
role in these energy conversion technologies as they increase the rate, ef-
ficiency, and selectivity of the chemical transformations involved. Today’s
electrocatalysts, however, are not sufficient. The main challenge is to de-
velop advanced electrocatalysts with the enhanced performance needed to
enable widespread penetration of clean energy technologies.

In line with the above-mentioned goals and challenges, the overall aim of
this thesis has been to investigate a new class of materials and screen for
novel and promising electrocatalysts for nitrogen electroreduction to am-
monia. We tried to introduce a scheme enabling electrochemical reduction
of molecular nitrogen to ammonia in aqueous media at ambient conditions
with only a low applied bias.

One of the most important and interesting parts of this thesis is the possi-
bilty of ammonia formation on the surface of mononitrides via the Mars-van
Krevelen mechanism. This offers a new reaction path that is thermodynami-
cally simpler for ammonia production at ambient conditions. However, one
should bear in mind that when a reaction proceeds via such mechanism,
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5. Summary

the catalytic active site could be suseptible to poisoning or decomposition
under operational conditions due to the nature of the Mars-van Krevelen
chemistry. So these criteria should be scrutinized for the nitrides showing
activity for the reaction.

This thesis is a detailed investigation of the transition metal mononitride
electrocatalysts to gain better insight for their experimental measurements
and real-life application. Four important factors have been considered in
this thesis to identify promising electrocatalysts for electrochemical ammo-
nia formation in aqueous media: (1) identification of the reaction mecha-
nism and calculation of the Ny dissociation barrier, (2) investigation of the
catalytic activity and quantification of the potential-determining and rate-
determining steps, (3) determination of kinetic or thermodynamic barriers
for N vacancy diffusion into the bulk, which can consequently leak the ni-
trogen content out of the nitride catalysts, (4) investigation of the stability of
the nitrides against poisoning in an electrochemical environment. By con-
sidering the most common crystal facets in more detail, we have been able
to identify which facets of the nitrides are most active for ammonia forma-
tion as well as which facets should be avoided in order to succeed with high
rates and efficiency for this reaction. The most promising nitrides are found
to be the (110) of the zincblende structure of RulN as well as the (100) of the
rocksalt structures of VN and CrN. These promising nitride catalysts are
all stable against poisoning and decomposition in the electrochemical envi-
ronment with feasible regeneration of the catalyst to ensure the continuity
of the catalytic cycle of ammonia production. Additionally, none of these
facets are predicted to produce hydrogen according to the explicit consid-
eration of HER within our mechanistic model. Therefore, experimentalists
are strongly encouraged to test these promising candidates in the structure
and bias range proposed here for the possibility of higher-yield ammonia
synthesis at ambient conditions. In addition, the (100) of the rocksalt struc-
ture of TaN was found to be promising to catalyze the hydrogen evolution
reaction with experimental rates nearing MoS, and Pt(111). Figure 5.1 sum-
marizes the entire thesis with regards to electrocatalytic activity of the all
naturally occuring d-block elements in the periodic table.
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Transition Metal Nitrides

NH 3 poisoned

not catalysts

-> reactants

L ,SOTSJ unstable

can not
regenerate itself

Figure 5.1: The summary and conclusion of the results obtained throughout the
screening process of transition metal mononitrides for both the NER and HER by
this thesis.
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Enabling electrochemical reduction of nitrogen to
ammonia at ambient conditions through rational
catalyst designf

Younes Abghoui, Anna L. Garden, Valtyr Freyr Hlynsson, Snaedis Bjorgvinsdottir,
Hrefna Olafsdottir and Egill Skulason*

Commercial design of a sustainable route for on-site production of ammonia represents a potential
economic and environmental breakthrough. In an analogous process to the naturally occurring enzymatic
mechanism, synthesis of ammonia could be achieved in an electrochemical cell, in which electricity would
be used to reduce atmospheric nitrogen and water into ammonia at ambient conditions. To date, such a
process has not been realized due to slow kinetics and low faradaic efficiencies. Although progress has
been made in this regard, at present there exists no device that can produce ammonia efficiently from air
and water at room temperature and ambient pressure. In this work, a scheme is presented in which
electronic structure calculations are used to screen for catalysts that are stable, active and selective
towards N, electro-reduction to ammonia, while at the same time suppressing the competing H, evolution
reaction. The scheme is applied to transition metal nitride catalysts. The most promising candidates are the
(100) facets of the rocksalt structures of VN and ZrN, which show promise of producing ammonia in high

www.rsc.org/pccp yield at low onset potentials.

Introduction

Ammonia (NH;) is one of the most highly produced chemicals
worldwide and is primarily used in production of fertilizer."”
Ammonia is also gaining attention as an energy carrier and a
potential transportation fuel due to its high energy density and
lack of CO, emissions.” For the last century, ammonia has been
synthesized primarily via the energy and capital intensive
Haber-Bosch process in which gaseous nitrogen and hydrogen
are passed over a Ru- or Fe-based catalyst at high pressure
(150-350 atm) and high temperature (350-550 °C) to form NH;
according to:"*

Na(g) + 3Hag) == 2NHs(g) @)

The Hy for this process often comes from either coal or natural
gas, both of which lead to increased production of various green-
house gases. The alternative is to produce hydrogen from water
splitting, which is a cleaner but very energy intensive process.

The Haber-Bosch process is in stark contrast to the function
of the enzyme nitrogenase in bacteria in which ammonia is

Science Institute and Faculty of Physical Sciences, VR-III, University of Iceland,
15-107 Reykjavik, Iceland. E-mail: egillsk@hi.is

+ Electronic supplementary information (ESI) available: Total energy of slabs for
different facets, free energy diagrams, corrections to the free energies, decom-
position potentials, scaling relations and volcano plots as well as summary table
are added for Results and discussion section. See DOI: 10.1039/c4cp04838e
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produced from solvated protons, electrons and atmospheric
nitrogen at ambient conditions. The active site of the enzyme is
a MoFe;SoN cluster that catalyses the electrochemical reaction:

N, + 8H' + 8¢~ = 2NH; + H, (2)

The source of energy for this reaction is at least 16 adenosine
triphosphate (ATP) molecules,*” which are used to increase the
chemical potential of the electrons and the protons. It is thus an
alluring prospect that this natural process could be emulated
in a man-made, commercial installation. Instead of a separate
H,(g) production process, the protons could come from an acidic
solution while the electrons would be driven to the electrode
surface by an applied electric potential.

Various potential routes for ammonia synthesis at ambient
conditions are currently being explored (see ref. 1, 2 and 8 for
recent reviews). Numerous efforts have been made towards
artificial synthesis of ammonia using photocatalytic® and
electrochemical'®** methods. However, for many of these, it is
difficult to regenerate the active nitrogen-fixing complex and
only low current efficiencies (CE) (0.1-8% at ambient conditions)
have been obtained. To gain higher yields of ammonia, solid-
state proton conductors have been employed, resulting in up to
78% conversion of cathodic supplied nitrogen to ammonia."®"”
Tonic liquids or molten salts also promote ammonia formation
from low CE up to 72% at high temperatures.'®>° While having
achieved low-pressure ammonia synthesis, the abovementioned
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studies still suffer from the requirement of relatively high
temperatures, which leads to increased product decomposition.
Another drawback is the use of complex and expensive electro-
lytes that hinder commercialization. To the best of the authors’
knowledge, the first observations of ammonia synthesis at milder
conditions were reported with homogeneous catalysts with
tungsten®' zirconium* and tantalum™ as the central atoms.
However, for the sake of distributed use of ammonia, simpler
methods are needed, ideally using heterogeneous catalysis,
which allows for facile isolation of product.

In the past several years, numerous investigations have been
conducted using various electrolytes and electrode materials to
alleviate the thermodynamic requirements and optimize the
ammonia formation rate using heterogeneous catalysis.>**>* Much
research has been focused on electrolytic cells based on solid-state
electrolytes and polymer electrolyte membranes (PEM). In such
setups it is easier to separate the ammonia product from hydrogen
feed gas and therefore to achieve considerable formation yield
of ammonia. The highest rate of ammonia formation reported
with Nafion membrane is 1.13 x 10~® mol s~ em > with a
faradaic efficiency (FE) of ~90% obtained at 80 °C where
SmFe,,Cuo; Ni,O; (x = 0-0.3) was used as the cathode.’® NH,"
was detected in dilute H,SO, with pH of 3.85. This was obtained
using wet H, as a feed gas. This is perhaps the reason for the
improved formation rate of ammonia because water vapor may
supply some protons® and thus improve conductance and con-
sequently enhance ammonia formation. Replacing the H, feed gas
with water, electro-catalytic ammonia synthesis from N, and H,O at
room temperature was obtained at Ru cathode in a solid polymer
electrolyte cell and 2 M KOH.** Due to the competing hydrogen
evolution reaction (HER) at the cathode, a low rate of ammonia
formation (3.4 x 10> mol s ' cm ™ ?) with a low FE of 0.28%
was achieved at a relatively high potential (~—1.3 V vs. SHE). In a
very recent study, a molten hydroxide (NaOH-KOH) electrolyte
was reported to split water at a Ni cathode.® Suspension of iron-
oxide nano-particles in the electrolyte was used as a catalyst for
the ammonia synthesis from air and steam between two Ni
electrodes. At 2 mA cm ™2, the rate of ammonia generated by
this system was 2.4 x 10~° mol s' em™?, which reached 35%
FE under 1.23 (+0.02) V and ambient pressure. Despite an
appreciable rate and FE, relatively high temperatures of around
200 °C, were used. The highest rate of ammonia synthesis that
has been obtained thus far using air and water as feed gases
is 1.14 x 107° mol s ' em 2, achieved using a mixed NH,"/H"
Nafion membrane.* However, again a low FE (1%) is observed
and a high overpotential (—1.6 V) is necessary.

The above examples show that while solid state electrolytes or
PEMs offer promise as an electrochemical route to ammonia forma-
tion, with production rates nearing that of commercial viability
(4.3-8.7 x 107 mol s~* ecm™2)," they are still in the early stage of
development and little is known of their stability. Furthermore,
the manufacturing cost of the complicated electrolytes means that
a simpler approach is desirable for realistic commercialization.

With advancements in the field of computations and model-
ling, theoretical investigations have provided deeper insight into
catalysis,”*® the importance of various active sites,"® and different
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mechanism of reactions.”®*! The use of computations can thus
facilitate rational catalyst design, by enabling whole classes of
material to be assessed for their suitability as catalysts. The
simplest catalyst for electrochemical ammonia formation is a pure
transition metal catalyst. In a recent theoretical study, electro-
chemical formation of ammonia on a range of flat and stepped
transition metal surfaces was studied.” It was found that many
metals require a relatively small overpotential of —0.5 to —1 V vs.
SHE to form ammonia in 1 M aqueous electrolyte (pH = 0) at room
temperature. However, the formation of Hyg can be very fast and
severely hinder the production of ammonia unless the surface is
covered with N-adatoms, rather than H-adatoms. It was found that
the majority of metals are likely covered with H-adatoms at the
onset potential of ammonia formation. This is less likely for the
early transition metals, however these are known to readily form
oxides. Another study used a similar approach on transition metal
nano-clusters*® where molybdenum nano-clusters® are reported
to enhance the ammonia activity compared to HER. However, the
presence of water in the electrochemical environment will reduce
the efficiency of catalyst by blocking its active site due to pre-
ferential adsorption of oxygen rather than nitrogen.™

In the present study, transition metal nitride catalysts are
investigated for electrochemical formation of ammonia at ambient
conditions. These materials offer the potential advantage of being
able to form ammonia by way of a Mars-van Krevelen mechanism,”
in which a surface N atom is reduced to NH; and the catalyst later
regenerated with gaseous N,, rather than adsorbing N, to the
catalyst surface in the first step. Density functional theory (DFT)
calculations are used to study the thermodynamics of the cathode
reaction. Free energy diagrams are constructed for the electro-
chemical protonation of surface nitrogen or metal atoms to obtain
onset potentials required for ammonia synthesis on rocksalt and
zincblende transition metal mononitride structures. The effect of an
external potential is included by using the computational standard
hydrogen electrode® and the lowest onset potential required to
reduce N, to ammonia is estimated for each nitride. Poisoning of
the catalyst, surface and defect stability and decomposition of the
catalyst under an applied bias are also considered.

Methodology
DFT calculations

Mononitrides of all of the naturally occurring d-block metals
are considered in the present study, in both the rocksalt (RS) and
zincblende (ZB) structures. Two low index facets are considered
for each crystal structure, the (100) and (111) facets of the RS
structure and the (100) and (110) facets of the ZB structure. Each
nitride surface is modelled by 40 atoms in five layers, with each
layer consisting of four metal atoms and four nitrogen atoms.
The bottom two layers are fixed whereas the top layers as well as
the adsorbed species are allowed to relax. Boundary conditions
are periodic in the x and y directions and surfaces are separated
by 12 A of vacuum in the z direction. The structural optimization
is considered converged when the forces in any direction on all
moveable atoms are less than 0.01 eV A~'. A previous study
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showed several of the 3d mononitrides to be either antiferro-
magnetic (RS VN, CrN, MnN, FeN and ZB MnN) or ferromagnetic
(ZB VN, CIN) at their equilibrium lattice constants and as such
are treated as spin-polarized.*® The RPBE lattice constants are
also taken from that study.

The calculations are conducted with density functional theory
(DFT) using the RPBE exchange correlation functional.”” A plane
wave basis set with an energy cutoff of 350 €V is used to represent
the valence electrons with a PAW® representation of the core
electrons as implemented in the VASP code.”® > Activation
energies are calculated as the highest point along the minimum
energy path (MEP) calculated using the climbing image nudged
elastic band method (CI-NEB).**** The self-consistent electron
density is determined by iterative diagonalization of the Kohn-
Sham Hamiltonian, with the occupation of the Kohn-Sham
states being smeared according to a Fermi-Dirac distribution
with a smearing parameter of kg7 = 0.1 eV. A 4 x 4 x 1
Monkhorst-Pack k-point sampling is used for all the surfaces
and maximum symmetry is applied to reduce the number of
k-points in the calculations.

Electrochemical reactions and modelling

The cathode reaction of the electrochemical process is:
N, + 6(H" + ") = 2NH; (3)
The source of protons is taken to be the anode reaction:*®
H, = 2(H +e) 4

In this study a heterogeneous Mars-van Krevelen-type mecha-
nism is considered where a surface N atom is reduced to NH; and
the created nitrogen vacancy (N-vacancy) is then replenished with
gaseous N,. Hydrogenation of the surface is carried out by adding
H atoms one-by-one to the surface to represent a proton from the
solution and an electron from the electrode surface. The reaction
mechanism is shown in eqn (5)-(13) and with ball-and-stick
representation in Fig. 1.

*+6H +e )+ N, = *H+5H +e)+N, (5)
*H+5H +e )+ N, = *2H+4(H +e ) + N, (6)
QH+4H' +e)+N, = *3H+3H +e ) +N, (7)

*BH+3H +e)+N, = * N+ NH; +3H +e ) +N, (8)
*Ny3H'+e)+N, = *N+3H +e) 9)
N+3H +e) = *NH+2(H +e) (10)

*NH +2(H" +e”) = *NH, + (H' +e") (11)

*NH, + (H" +e7) = *NH; (12)

*NH; = * + NH; (13)

An asterisk represents a site on the surface. A N-vacancy in the
surface layer is denoted as *~™. DFT calculations are used to
calculate the minimum energy configuration of each species on
the surface and to calculate adsorption energies of all inter-
mediates according to reactions (5)-(13). Various surface sites
are considered and the optimal binding site is identified.
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Fig. 1 Mars—van Krevelen mechanism for ammonia formation on the (100)
facet of the RS structure (a) and the (110) facet of the ZB structure (b) of
metal nitrides. For better illustration, more than one supercell is depicted but
for the second ammonia molecule formation, the extra adsorbates that
should be visible due to periodic boundary conditions are not shown.
S stands for surface atoms and sub denotes the sub-layer.

A slightly different reaction mechanism is considered for the
ZB surfaces and for RS ScN, TiN, CrN, YN and MnN, due to the
existence of a prohibitively large thermochemical barrier to
replenish the N-vacancy with gaseous N,. In this mechanism,
two NH; molecules are formed from two surface N atoms and a
dimer N-vacancy is created before regenerating the catalyst with
gaseous N,. The mechanism is given in eqn (14)-(22). In this
mechanism, the barrier to fill the N-vacancy is greatly reduced
and, in most cases, N, adsorption is no longer the rate-
determining step (RDS).

*+6H +e )+ N, = *H+5H +e)+N,
*H+5H +e )+ N, = *2H+4(H +e ) + N,
*2H+4(H +e )+ N, = *3H+3(H +e ) +N, (16

*BH+3H +e )+ N, = * N+ NH; +3H +e ) +N, (17

*NH+2H +e )+ N, = *NM2H+ (H +e)+N, (19

*MNH+(H' +e)+N, = *"3H+N, (20

*N3H + N, = * N+ NH; + N,

*NLN, = %

)
)
)
)
*Ny3H +e )+ N, = *NH+2H +e )+ N, (18)
)
)
)
)

As a first approximation when screening for catalytic activity,
the surface site in eqn (5)-(13) or (14)-(22) is restricted to a
single nitrogen site where each hydrogen (H" + e”) is added
to the same N atom. One NH; is formed after the addition of
3(H" + e7) and the second NH; is formed after the addition
of 6(H" + e) in total. This is hereafter referred to as a
“constrained” mechanism. For a more detailed investigation of the
catalytic activity this restriction is lifted and all possible adsorption
sites for each proton are considered. This is accordingly referred
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to as an ‘“‘unconstrained” mechanism. In this way, the possibi-
lity of a catalyst requiring more than six protons and electrons
to form 2NH; is explored and also the possibility of forming H,,
rather than NH;.

It is assumed that activation barriers between stable minima
can be neglected during the electrochemical reactions. The
free energy of each elementary step is estimated at pH = 0
according to:

AG = AE + AEgps — TAS (23)

where AE is the reaction energy calculated using DFT. The zero-
point energy correction (AEzpg) and entropy difference (AS) are
calculated within a harmonic approximation and the values of
these are given in the ESL{ The effect of an applied bias, U,
is included for all electrochemical reaction steps by shifting the
free energy for reactions involving n electrons by —neU:*

AG = AE + AEzps — TAS — neU (24)

Explicit inclusion of a water layer® has not been considered in
the present work due to the large computational effort required. It
has been shown that the presence of water may help stabilize some
species more than others via hydrogen bonding.***® For example,
*NH is expected to be stabilized slightly by hydrogen bonding,
while the effect of the water layer on *N will be negligible. The
effect of hydrogen-bond stabilization of the adsorbates has been
estimated in a previous publication.” A relatively small correction
for the N-H bonds was found of around 0.08 eV per H-bond. From
this we conclude that the onset potentials calculated in the present
study are likely to change by a similar magnitude, that is, less than
0.1 eV. Thus the correction is not done in the present study.

Results and discussion

The computational screening process begins with 104 potential
transition metal nitride catalysts. To assess the potential of
each candidate for making NH; electrochemically at ambient
conditions five considerations are investigated: (i) stability of
the surface, (ii) stability of a surface N-vacancy, (iii) catalytic
activity, (iv) poisoning of the catalyst surface and (v) an estimate
of the electric potential needed to decompose the metal nitrides
into its metal form and ammonia. These will be discussed in
turn herein.

Stability of facets

As a first approximation in the search for a suitable catalyst,
only the most stable crystal facet of the four facets considered
in this study [RS(100), RS(111), ZB(100) and ZB(110)] is explicitly
investigated for ammonia formation. Each slab is relaxed and
the total energies compared to determine the most stable facet
of a given metal nitride (see Table S1 in ESIf). Most of the
nitrides of the early transition metals (d'~°) as well as the d°
metals are found to be most stable in the RS crystal structure
and, for all of these, the (100) facet is more stable than the (111)
facet. These are ScN, TiN, VN, CrN, MnN, YN, ZrN, NbN, MoN,
HIN, TaN, CuN, and AgN. For most of the nitrides of the d°,
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d” and d® transition metals, the ZB(110) facet is the most stable.
These are FeN, CoN, NiN, RuN, RhN, PdN, OsN, and IrN. These
findings agree with the generally accepted trend of early transi-
tion metal nitrides being most stable in RS structure while the
later transition metal nitrides are usually most stable in ZB.*”"%°
Regarding facet stability, experimental studies show that the
growth of films of ZrN, TiN, NbN and CrN results in the texture
coefficient for the (100) planes of the synthesized polycrystalline
to be one of the major preferential directions.”””* For all con-
sidered surfaces of WN, ReN, AuN and PtN, significant distortion
of the surface atoms is observed during relaxation and thus these
nitrides are considered unstable and eliminated from further
study. In total, this first consideration reduces the number of
potential catalysts from 104 to 21. Among the candidates elimi-
nated at this stage, it is of course possible that some structures/
facets are also relatively stable and catalytically active. For
simplicity the present work is restricted to only on the most
stable facets and calculations for other facets are ongoing.

Stability of the surface nitrogen vacancy

In the Mars-van Krevelen mechanism considered in the pre-
sent work, a surface nitrogen atom is reduced to form NH; after
which the resulting vacancy is replenished by a gaseous N,
molecule. For this replenishment to occur, the N-vacancy needs
to be stable at the surface. If this is not the case, the N-vacancy
may migrate to the bulk of the catalyst, that is, the reacted
nitrogen on the surface is replaced with more nitrogen from the
catalyst itself, rather than with gaseous N,. This process can, in
principle, continue until all the nitrogen atoms of the metal nitride
have reacted and formed NHj, leaving only the pure metal.

The stability of the N-vacancy at the surface of the catalyst is
estimated by comparing the difference in energy of a nitride
slab with a single N-vacancy in the surface layer (Eyac,;) and to
that of a single N-vacancy in the first subsurface layer (Eyqc,).
The minimum energy configuration of each of these slabs is
found and the energy difference (AEyac = Evac,2 — Evac,1) used as
an estimation of the thermodynamic stability of the vacancy at
the surface of the nitride. Activation barriers for vacancy
migration (E, ) are also calculated and both AE,. and Ey yac
are presented in Fig. 2. It is found that, for most of the nitrides,
it is thermodynamically favourable for the vacancy to migrate to
the bulk, with AE,,. less than or close to zero. However, it is
clear that many of the nitrides exhibit a high activation barrier
for vacancy migration and are thus likely to demonstrate a
stable surface vacancy. All nitrides with an activation barrier for
a vacancy migration of >1 eV are retained for further screening,
since a barrier of such magnitude is unlikely to be overcome at
room temperature.

Catalytic activity

The catalytic activity of the nitrides towards electrochemical
ammonia formation is initially calculated according to the con-
strained mechanism given in eqn (5)-(13) for most of the RS(100)
nitride slabs and eqn (14)-(22) for all the ZB(110) nitrides and
some of the RS(100) nitride slabs. The free energy of all inter-
mediates is calculated according to eqn (23), with reference to
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N, and H, in the gas phase. The free energy diagram for ZrN
(RS) is presented in Fig. 3a where the effect of applied bias is
included. Fig. 3b shows the free energy diagram for MnN (RS),
where the pathways towards NH; formation via both a single
and a dimer vacancy are illustrated and compared.

The rate-determining step (RDS) and our measure of the
catalytic activity towards NH; formation on each nitride is
identified as the elementary reaction step with the largest increase
in free energy. When this elementary step can be eliminated by
applying a bias, it is referred to as the onset potential, which is the
bias that needs to be applied in order to shift the free energy
landscape in such a way that all reactions steps become downhill
in free energy. From Fig. 3a it can be seen that for ZrN the RDS is
the first protonation step, with AGgps = 0.99 eV. Thus, by applying
an external bias of —0.99 V, this increase in free energy can be
eliminated and all electrochemical steps will then be downhill
in free energy. For those steps that do not involve electron
transfer, however, there is no change in the free energy when
applying an external bias. This is seen in Fig. 3a for ZrN where
the release of NH; is slightly uphill in free energy. In reality, the
adsorbed NH; is likely to get further protonated to NH," and
released into the solution, thereby avoiding this small increase
in free energy. For the other elementary step that does not
involve electron transfer, namely the addition of Ny, however,
there is no such effect from the electrochemical environment.
For all of the ZB and some of the RS nitrides, addition of Ny,
to fill the N-vacancy is endothermic, which corresponds to
an increase in free energy that cannot be surpassed by an
external applied bias. For this reason, a mechanism of forming
a dimer N-vacancy instead is considered for these nitrides.
The result is that the free energy landscape changes signifi-
cantly in such a way that the addition of Ny becomes downhill
in free energy in all cases and the RDS becomes an electro-
chemical step instead, which can be eliminated with the bias
(see Fig. 3b).
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Fig. 3 Free energy diagram for NH3 formation via a constrained Mars-van
Krevelen mechanism on the (100) facet of RS ZrN (a) and the (100) facet of
RS MnN (b). For ZrN, the rate-determining step is the first protonation step
of surface N with AG = 0.99 eV. The blue line indicates the free energy
of all the stable intermediates calculated at zero potential. The red line
represents the free energy of all the stable intermediates at the onset
potential. The purple line indicates the free energy of all the intermediates
when a dimer vacancy is considered at zero potential.

The free energy change of the RDS of each nitride is shown
in Fig. 4. Most of the nitrides exhibit relatively high activity
towards ammonia formation, with the exception of ScN, YN
and HfN, which have AGrps > 1.5 eV. All of the nitrides with
AGrps < 1.5 eV are considered potentially active and are
retained for a more detailed mechanistic study.
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Fig. 4 Free energy change (AGgps, in eV) of the rate-determining step of
NH; formation on transition metal nitride catalysts. A constrained mecha-
nism is considered, where H addition is restricted to a single surface site
and 6(H™ + ") are used to form 2NHs. The horizontal dashed line indicates
the cut-off value in the screening for an appropriate catalyst; all nitrides
with AGgps < 1.5 eV have the possibility of being catalytically active
towards ammonia formation and are considered further in the study. The
labels on each bar indicate the species formed in the rate-determining
step, the notation of which is explained in Fig. 3
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An interesting point to note is that there is no clear trend in
the nature of the RDS; for some nitrides the addition of the first
proton is rate-limiting, while for others the addition of the third,
fourth, or fifth proton is rate-limiting while for some it is the release
of the ammonia molecule which is the RDS. This is in contrast to
the case of electrochemical ammonia formation on pure metals, for
which primarily only two different RDS exist across the whole series
of pure transition metal surfaces. That results in a volcano-shaped
activity curve when plotted against a common descriptor.™ Several
descriptors were investigated for possible correlation with the
calculated activity. As shown in Fig. S2 in the ESL# the binding
energies of species do not scale well with a single descriptor
such as the binding energy of *N. However, when *H is used as a
descriptor, much better correlation is observed, with the excep-
tion of a few outliers. Similar conclusions have recently been
reported where departures from the scaling laws are observed for
adsorption energies of C, H and O on metal carbides.”> With *H
as the descriptor for the catalytic activity of N, reduction on the
metal nitrides, a volcano-type plot can be obtained (see Fig. S3 in
the ESIt). However, more scatter is observed for these nitrides
here than for the pure metals.*” Hence, all nitrides are calculated
explicitly in this study whereas a high-throughput screening may
be carried out in the near future.

For those nitrides that exhibit reasonable catalytic activity when
H adsorption is constrained to a single N atom, an unconstrained
mechanism is considered. In this approach, at each H addition
step every possible adsorption site is investigated, including other
N atoms, metal atoms and bridging sites. DFT is used to evaluate
the most stable adsorption site at each step. Free energy diagrams
for NH; formation via this unconstrained mechanism are shown
in Fig. 5 for the (100) facet of RS structure of ZrN (a) as well as the
(110) facet of ZB structure of OsN (b) and the remainder are given
in the ESLt

For VN, CrN and RuN, the mechanism is found to be
identical to the constrained mechanism, where each added H
adds to the same N atom, forming one NH3, then the second, with
only 6(H" + ) required to form 2NH,. For ZN, (Fig. 5a), allowing
the H to bind to any surface site results in firstly a surface Zr atom
being protonated, and then an N atom. The protonation of N is the
RDS in NH; formation, similar to the constrained mechanism.
However, the presence of an H atom on the adjacent Zr atom
lowers the free energy of *NH formation by 0.23 eV. A similar case
is seen for NbN, where two neighbouring Nb atoms are protonated
before the RDS, which is protonation of the first surface N. The
free energy of the RDS is lowered by 0.29 eV due to the H coverage
on the Nb. For OsN and MnN the unconstrained mechanism leads
to a different RDS and a different reaction path than when a
constrained mechanism is considered. For MnN, 3(*NH,) and
1(*NH) form before the first ammonia is released and 9(H' + ")
are needed to form 2NHj;. In this case, no metal atoms are
protonated. In contrast, for OsN, (Fig. 5b), H atoms cover all the
metal atoms on the surface as well as surface N atoms and
13(H" + e”) are needed to form 2NH;. For OsN addition of Ny to
fill the N-vacancy is endothermic, which corresponds to an increase
in free energy that cannot be surpassed by an external applied bias
as no proton-electron transfer is involved at this step.
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Fig. 5 Free energy diagram for NHz formation via an unconstrained
Mars-van Krevelen mechanism on the (100) facet of RS ZrN (a) and the
(110) facet of ZB OsN (b). For ZrN the rate-determining step is the second
protonation step with AG = 0.76 eV. Upon replenishment of the N-vacancy,
one proton that was already adsorbed on Zr metal (°ZrH) migrates to the
N-adatom to make NH (°NH). The blue line indicates the free energy of all
the stable intermediates calculated at zero potential. The red line represents
the free energy of all the stable intermediates at the onset potential. For
OsN the RDS is to fill the N-vacancy with AG = 0.65 eV. As the RDS involves no
proton-electron transfer, no bias is applied and the free energy landscape of
OsN is depicted only at zero potential.

An interesting trend that is observed from comparison of
the constrained and unconstrained mechanisms is that for RS
nitrides, a relatively low coverage of H is required to make
2NH;. Furthermore, additional H atoms generally add to neigh-
bouring metal atoms, rather than other N atoms, which lowers
AGgps by ~0.05-0.3 eV, relative to the constrained mechanism.
In contrast, for ZB nitrides, a higher coverage of H is needed to
form 2NH;. The result of this is that AGgps is increased by
~0.12 eV, relative to the constrained mechanism. For such
cases that require more than the minimum 6(H" + e”) to form
2NHj, a lower faradaic efficiency is likely to be observed. For
TiN and TaN an unconstrained mechanism yields a full H coverage
on the surface with no NH; formation. The catalytic activity of
these nitrides are thus instead being considered as potential
hydrogen evolution catalysts, the results of which are beyond
the scope of the present study.

After exclusion of those nitrides that either do not form NH;
(TiN and TaN) or have an onset potential of >1.5 V (ScN, YN and
HIN), eight metal nitride catalysts are considered potentially
active towards NH; formation and presented in Fig. 6. The six
RS nitrides as well as RuN ZB should make ammonia electro-
chemically under ambient conditions whereas ZB OsN likely
requires high pressure to fill the N-vacancy in order to complete
the catalytic cycle of ammonia formation.
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Fig. 6 Free energy change (AGgps, in eV) of the rate-determining step of
NH3 formation on transition metal nitride catalysts. An unconstrained
mechanism is considered, where at each H addition step every possible
adsorption site is investigated including other N atoms, metal atoms and
bridging sites and at least 6(H" + e”) are needed to form 2NH3. The labels
above each bar indicate the species formed in the rate-determining step,
the notation of which is explained in Fig. 5. The labels in each bar indicate
the number of protons and electrons required to make 2NHs,

Poisoning of the surface vacancy

As previously discussed, in the Mars-van Krevelen mechanism
considered in this work a surface N is reacted, leaving a surface
vacancy at the surface and for the catalytic cycle to complete, this
vacancy must be filled with Ny, However, there exists the possibi-
lity of the vacancy rather being filled with H atoms or O atoms from
the aqueous electrolyte, both of which would block this surface site
for completion of the catalytic cycle. In the present section the
competition between N, O and H for filling the surface vacancy is
investigated by considering the free energy of filling the vacancy
with O or H relative to N (AG(-x_+x), where X = O or H). These free
energies are referenced to N, H,O and H, in the gas phase and are
calculated at the onset potential for each nitride. A negative value
of AG(n_-x) indicates that it is thermodynamically favourable to
fill the vacancy with N, rather than O or H. The values of AG(:n_-x)
are shown in Fig. 7 for all the catalytically active nitrides.

- X=0
X=H
0
3
g
:
o
<
2
ZN NN GIN_ VN MaN_ MoN RN

Fig. 7 Free energy of adsorption of O or H (relative to N) to the surface
vacancy of catalytically active nitrides (AGey_-x. in eV). Free energies are
calculated relative to Noig, Hagg and H,O(q,. All free energies are evaluated at
the calculated onset potential for each nitrides: ZrN, —0.76 V; NbN, —0.65 V;
CrN, —0.76 V; VN, —0.51V; MnN, —0.54 V; MoN, —0.83V; and RuN, —0.41V.
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It can be seen that N atoms bind more strongly to the surface
vacancy than O atoms by over 1 eV for most nitrides. Thus it is
unlikely that the surface vacancy will be poisoned by O atoms.
For poisoning by H, however, it can be seen that the surface
vacancy in MnN, MoN and RuN is likely to be filled by H, rather
than N. For the remaining nitrides, ZrN, NbN, CrN and VN, the
vacancy is likely refilled by N and thus the catalytic cycle may
continue to form the second NH;. These results are as expected
as when the bias is tuned towards more negative values, the
electropositive O species bind weaker on the surface compared
to H,O in the gas phase, as they would rather form bonds with
the surface when the bias is more positive:

H,0+* - *O +2H' + 2e (25)

Conversely, the H adsorption free energy, becomes more nega-
tive when the bias is lowered:

H'+e - H* (26)
Stability of the nitrides with respect to decomposition at the
onset potential

The final criterion considered in the present study for an appro-
priate metal nitride catalyst for electrochemical NH; formation
is the stability of the catalyst with respect to decomposition
when an external bias is applied. The decomposition of a metal
mononitride (MN) into the corresponding pure metal (M) and
NH; can be expressed as:

MNg) + 3(H' + €7) > Mg + NHyg) (27)

The overall free energy change of the reaction can be expressed
in terms of free energies of formation as:

AG: = AG{(NH;y) — AG{(MN()) — 3AG(H'/e”) (28)
The term 3AG(H'/e”) gives the contribution to the free energy
by the protons and electrons. To find the applied potential at

which the nitride is reduced to the metal, AG, is required to be
zero, or

3AG(H'/e”) = AG{(NH;(p) — AG{(MN(y) (29)
Therefore, the required potential can be expressed as:
U=—AG(H'/e")/3 (30)

The free energy of formation of each nitride is calculated
using DFT and the free energy of formation of NH;(y is taken
to be —0.17 eV at standard conditions.”® The decomposition
potential of all the catalytically active nitrides are given in Fig. 8.
For a given nitride to be suitable for electrochemical formation
of NH;, the decomposition potential must be more negative
than the onset potential for the ammonia formation.

According to Fig. 8, ZrN is the only candidate that should not
decompose at the electric potential needed to form ammonia.
However, it should be emphasized that this is a purely thermo-
dynamic analysis and no kinetic effects are taken into account.
As was seen earlier in Section 3.2 (Fig. 2), activation barriers for
the first step of decomposition of the metal nitride into the
metal and ammonia usually involves high activation barriers
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Fig. 8 Decomposition potential for stable and active metal nitrides according
to eqgn (27). Also included are the calculated onset potentials for electro-
catalytic NHs formation. All values are calculated at 300 K (see Table S4 in
the ESIt)

(between 1 and 3 eV), which would mean that although thermo-
dynamically unstable, decomposition of most nitrides would be
extremely slow at room temperature. For VN, the onset potential
is similar as the potential required to decompose the nitride.
However, the activation barrier for the N-vacancy to migrate into
the bulk is around 1.7 eV and so the nitride might be maintained
by replenishing the N-vacancies with Ny). Given the standard
error in DFT and in our models applied here, and the relatively
high barrier to N-vacancy migration (1.34 eV), NbN may perhaps
be used as a catalyst too. For CrN, the decomposition potential is
much less negative than the onset potential and this will likely
decompose before appreciable amounts of NH; will be formed
(see Table S5 in the ESI} for summary).

The culmination of the five criteria investigated in this
screening for a potential catalyst for electrochemical ammonia
formation at ambient conditions yields two very promising
candidates, namely ZrN and VN (both RS(100)). ZrN is particularly
promising as it has been shown experimentally that RS is the
most stable ground-state configuration,”” and the (100) is always
one of the preferential texture coefficients.”””"”*® In contrast to
pure transition metals,” the surface of these nitride catalysts are
not likely to get covered by hydrogen at the onset potentials
required for ammonia formation. As a result, faradaic losses due
to the competitive HER, which is the main limiting issue with
pure transition metals,”* should not occur for these nitrides.
Hence, high yield of ammonia formation is predicted in experi-
ments. Furthermore, the catalysts require only a low applied bias
for ammonia formation and are likely stable towards poisoning
and decomposition.

Summary and conclusions

In this paper, an efficient scheme is proposed that utilizes first
principles calculations to screen for nitrogen reduction electro-
catalysts that efficiently form ammonia at ambient conditions
and in aqueous electrolyte. In this work the scheme is applied
to transition metal nitrides. However, it could also be utilized
for any reaction where the possibility of Mars-van Krevelen
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mechanism is explored. The most promising nitride catalysts
are the (100) facets of rocksalt VN and ZrN, which should form
ammonia at —0.51 V and —0.76 V with respect to SHE, respectively.
The suggested catalysts should not decompose or be poisoned by
oxygen or hydrogen from the aqueous electrolyte. NbN could also
be a good catalyst worthy of further investigations if kinetic
barriers are sufficiently high as to avoid decomposition with an
applied bias. In contrast to previous studies where relatively high
onset potentials are required for ammonia formation and hydro-
gen evolution is a competing reaction,”* the most promising RS
candidates presented in this paper (VN and ZrN) only need a low
applied bias to form ammonia and the competing HER is sup-
pressed. Therefore, a significant amount of ammonia compared
with hydrogen gas can be expected. Furthermore, at the onset
potential, the N-vacancy is stable towards both protonation and
oxidation from water and it should get easily repaired with
atmospheric nitrogen injected to the system at ambient condi-
tions. Other crystal facets and other mechanisms of ammonia
formation on these nitride catalysts are currently being studied
to further investigate the catalytic capability of this class of
catalyst. Experimentalists are strongly encouraged to test these
promising candidates for the possibility of high yield electro-
chemical ammonia production at ambient conditions.
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ABSTRACT: A rapid and facile reduction of nitrogen to achieve
sustainable and energy-efficient production of ammonia is critical to
its use as a hydrogen storage medium, chemical feedstock, and
especially for manufacturing inorganic fertilizers. For a decentral-
ization of catalytic ammonia production, small-scale N, reduction
devices are required that are equipped with the most stable, selective,
and active catalysts that operate at low temperature and ambient
pressure. Here, we report the development of new and cost-efficient
catalysts, transition metal nitrides, which enable electrochemical
reduction of molecular nitrogen to ammonia in aqueous media at
ambient conditions with only a low applied bias. The most promising
catalysts are VN, ZrN, NbN, and CrN, which are identified among a
range of transition metal nitride surfaces through a comprehensive

P=1am
T=298K
i@ 05<V<-08
vs. SHE

N, Ose)

Transition Metal
Nitrides

density functional theory based analysis. All four nitrides are found to be more active toward nitrogen reduction than toward the
competing hydrogen evolution reaction, in contrast to pure metal catalysts, which largely evolve hydrogen. Furthermore, their
stability against poisoning and possible decomposition under operating conditions is also studied. Particular single-crystal
surfaces are needed for ZrN, NbN, and CrN because polycrystalline surfaces may result in decomposition of the whole catalyst.
Polycrystalline surfaces of VN may, however, be used since the rocksalt (100) facet is predicted to produce ammonia via a Mars—
van Krevelen mechanism with only a —0.5 V overpotential, thereby avoiding decomposition. We suggest that this is a promising
step toward the development of a method for synthesizing ammonia cheaply, to prepare high-value-added nitrogenous
compounds directly from air, water, and electricity at ambient conditions. An additional benefit to the present analysis is that the
method used in this work may be applicable to other aqueous phase catalytic reactions, where a Mars—van Krevelen mechanism
is operative and product selectivity and activity are key catalytic criteria.

KEYWORDS: density functional theory calculations, electroch

s ff

transition metal nitride catalysts,

electroreduction of nitrogen to ammonia, electrocatalysis

B INTRODUCTION

One of the most significant scientific realizations of the 20th
century is the synthesis of ammonia from its gaseous elements
in the Haber-Bosch process that contributes to the annual
production of over 200 million tons of ammonia per year, 80%
of which is used in the production of fertilizer."” The Haber-
Bosch process utilizes a promoted metal catalyst and operates
at high temperatures and pressures to achieve a sufficient rate
and yield of ammonia. The H, feedstock necessary for the
process is often natural gas, the production of which results in
high CO, emissions and is itself a finite resource. In contrast to
the Haber-Bosch process, the enzyme nitrogenase catalyzes the
synthesis of ammonia at ambient conditions electrochemically,
using solvated protons and electrons. Up to this point, an
efficient, analogous man-made electrochemical method for
synthesizing ammonia has not been realized industrially, largely
due to the high energy input."_5 Therefore, development of an
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electrode material for stable electrochemical synthesis of
ammonia from N,, protons, and electrons (eq 1) at ambient
conditions is desired.

In the Haber-Bosch process, N, dissociation is the rate-
determining step and cleavage of the strong N—N bond is
widely regarded as the main bottleneck in catalytic ammonia
synthesis (where coverage effects can also be important),” and
electrochemical approaches might circumvent it. To date,
numerous investigations have been conducted using various
electrolytes, electrode materials, and different electrochemical
membrane reactors to alleviate the thermodynamic require-
ments and optimize the ammonia formation rate using a
heterogeneous electrocatalytic approach.””'? However, produc-
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tion rates nearing those needed to become commercially viable
(43-8.7 x 1077 mol s™' cm™)** at moderate operational
environments are yet to be reached. The nitrogen electro-
reduction reaction (NER) is difficult to catalyze to ammonia in
aqueous electrolytes at ambient conditions, as the hydrogen
evolution reaction (HER) is a competing reaction with usually
higher current efficiency (CE)."® The highest CE reported so
far for ammonia synthesis at ambient conditions directly from
air and water is less than 1%, with the formation rate of around
1.14 x 107 mol em™ s™' at —1.6 V of applied potential,"®
whereas Licht et al. have reached a CE of 35% at 200 °C, 25
bar, and —1.2 V in a NaOH/0.5 KOH electrolyte}' Hence,
stable catalyst materials that are able to activate N, capable of
stabilizing N—H species moderately on the surface and noble
enough to release the nitrogen from the surface in the form of
NHj; with higher efficiency toward NER rather than HER or
other side products, are desired, where the supplied electrons
from renewable energy sources ideally make only ammonia and
not hydrogen gas. Accordingly, numerous theoretical and
computational attempts have been made to search for an
electrocatalyst that is active and selective toward NER.**™*"

Under-coordinated sites on surfaces or on nanoparticles
often dominate the whole catalytic activity for the catalyst. We
have recently investigated the role of such under-coordinated
sites on metal clusters explicitly, with®* and without a nitrogen
skin®® as well as in the presence of O, OH, and H,0,” where
ammonia is produced at around —0.6 V on MoN nanoclusters.
Licht et al. have also shown that nano-Fe,O; can produce
ammonia at 250 °C and 25 bar’' In this study, we are,
however, specifically addressing whether nitride surfaces might
display other properties than those found for metals, for
example, due to the presence of nitrogen vacancies in the
surface, which are naturally not found on metals.

In one of our previous studies,”” a systematic screening of
transition metal nitrides was carried out to search for new
electrocatalysts capable of selective conversion of nitrogen to
ammonia electrochemically at ambient conditions with low
overpotential (significantly less than 1 V). Density functional
theory (DFT) calculations were used to study the thermody-
namics of the cathode reaction on 26 different d-block metal
mononitrides in the rocksalt and zinc blende crystal structures.
Only the most stable facet was studied in detail for catalytic
activity, which in all cases was either the rocksalt (100) or zinc
blende (110) facet. In reality, in the manufacturing of these
(electro)catalysts, a multifaceted structure is more probable
than a single-crystal catalyst, even for metal nitrides grown with
thin film techniques.”* > Therefore, consideration of other
crystallographic textures of these promising nitride catalysts is
necessary to gain a realistic insight into the catalytic properties,
selectivity, and stability of these metal nitride catalysts.

In the present paper, the most promising nitride electro-
catalysts identified by our previous study are investigated in
more detail. We include other possible stable low-index facets
that may exist on polycrystalline surfaces of those metal
nitrides. That is done to both estimate the activity of those
other facets and also to investigate if those facets will get
poisoned, if the surface will not regenerate or even result in a
decomposition of the whole catalyst. Therefore, the catalytic
activity of N, reduction to ammonia of various crystal facets of
ZrN, NbN, CrN, and VN is calculated by considering a Mars—
van Krevelen mechanism. Feasibility of nitrogen activation via
this mechanism was recently reported on the surface of
Co;Mo;3N, t00.>> These transition metal nitrides offer the
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potential advantage of being able to form ammonia by way of a
Mars—van Krevelen mechanism, in which a surface N atom is
reduced to NH; and the catalyst later regenerated with
dissolved N,, rather than adsorbing N, to the catalyst surface
in the first step. The possibility of N vacancy replenishment by
N, from the solution and endurance of the catalytic cycle is
studied from both a thermochemical and kinetic perspective.
The possibility of poisoning the N vacancies on the surface by
O, OH, and solvated protons from water is considered at the
applied potential needed for NER.

B METHODOLOGY

Electrochemical Reactions. A heterogeneous Mars—van
Krevelen (MvK) mechanism® is considered where one
ammonia (NH;) molecule is formed by protonation of a
surface N atom and a N vacancy is created before the catalyst is
regenerated with dissolved N, from the electrolyte. Reducing
another nitrogen at the surface then forms the second NH,
molecule and completes the catalytic cycle. The overall cathode
reaction of the electrochemical process is

Ny + 6(H" + ¢7) = 2NH;, )

The source of protons is taken to be the anode reaction:*

H, =2(H"+¢) @

Hydrogenation of the surface is carried out by adding H
atoms one-by-one to the surface to represent a proton from the
solution and an electron from the electrode surface. At every
protonation step, adsorption at various possible sites is
explicitly calculated, including other N atoms, metal atoms,
and bridging sites to evaluate the most stable adsorption site.
The reaction steps given in eqs 3—6 represent the formation of
the first ammonia molecule. An asterisk denotes a surface site
and “*™™” denotes a surface N vacancy.

# 4 6(HY +¢7) = *H+ S(H" + ¢) (3)
*H + S(H" +¢7) > ®2H + 4(H" + ¢7) (4)
*2H + 4(H" + ¢7) - *3H + 3(H" + ¢") (s)
#3H + 3(H +¢7) — N + NHyp + 3(H" +¢)

(6)

Ideally, it only takes three protons and electrons to form the
first ammonia molecule. However, since we allow the additional
H atom to adsorb in the lowest energy position, more than
three H atoms are needed in some cases if the H atoms bind
rather to another N atom on the surface or to a metal atom
instead. For all of the metal nitrides considered in this work,
ammonia molecule is released in the end.

Two general mechanisms are considered for replenishing the
N vacancy and regenerating the catalyst. The first is a
dissociative mechanism in which gaseous N, dissociates,
resulting in one N atom replenishing the N vacancy (*N,,.)
and the other binding on top of a neighboring surface metal
atom (*N,,)- This is depicted in eqs 7—11.

N4 3(HY 4 ¢7) + Ny

- *N__ + *N,

metal T 3(HT + ¢7) @)

#Npa + 3(H" + ¢7) = *NH + 2(H" + ¢") (8)
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#*NH + 2(H" + ¢7) = *NH, + (H' + ¢7) 9)
#NH, + (H" + ¢7) > *NH, (10)
*NH; — * + NH3(g) (11)

If addition of N, to fill the vacancy is found to be endothermic,
then an alternative approach is considered in which the vacancy
remains until after formation of the second ammonia molecule,
after which it and the second vacancy (denoted *N) are
dissociatively filled by N,. This is referred to as the dimer
vacancy variant and is depicted in eqs 12—16.

N4 3(HY 4+ ¢7) + Ny

SN R a(HY 4 ) + Ny (12)
N wpy 4 2(HY + e’) + Nl(g)

>N 4 H + (H + ) + Ny (3)
N4 H + (HY + ) + Ny

— N 4 #3H + Nag) a4
N a3l 4 Ny = N NHyg) + Nyg) (15)
N Ny = 2 (16)

The second mechanism considered for replenishing the N
vacancy and re-forming the catalyst is an associative
mechanism. In this mechanism, gaseous N, binds to the
vacancy (denoted *N,,) and is directly protonated without
dissociation until an *NNHj intermediate is formed. This is
depicted in eqs 17-21. Note that *N,, refers to the
regenerated catalyst and is equivalent to the asterisk in egs
11 and 16.

N LIH ) AN, = N, +3H ) (1)
#Nyyoe + 3(H +¢7) > *NNH,, + 2(H" +¢7)  (13)
*NNH,,. + 2(H" + ¢7) > *NNH, ..+ (H" + ¢)

(19)
*NNH, . + (H + ¢7) = *NNH, (20)
FNNH; . = *N,, + NH;) (21)

DFT calculations are used to calculate the minimum energy
configuration of each species on the surface and to calculate
adsorption energies of all intermediates according to reactions
depicted in eqs 3—21. Various surface sites are considered, and
the optimal binding site is identified. It is assumed that
activation barriers for protonation steps can be neglected
during the electrochemical reactions.

The free energy of each elementary step at zero potential,
AG(0), is estimated according to

AG(0) = AE + AE,p; — TAS (22)

AE is the reaction energy calculated using DFT. The zero-point
energy correction (AEzp;) and change in entropy (AS) are
calculated for the adsorbed species using harmonic vibrational
frequencies obtained from a normal-mode analysis. The values
of these are given in the Supporting Information (Table S1).
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Gas phase values are taken from standard molecular tables.*® By
use of the computational standard hydrogen electrode™
approach, the chemical potential for (H" + ¢7) is related to
that of 1/2H,(g), and the free energy difference for the reaction
*A + (H" + ¢7) = *AH, under standard conditions (pH 0,
pressure of 1 atm, and at 25 °C), is calculated as the free energy
change for the reaction *A + 1/2H, — *AH. The effect of an
applied bias, U, is included for all electrochemical reaction steps
by shifting the free energy for reactions involving 1 electrons by
—neU:>

AG(U) = AG(0) — neU (23)

Explicit inclusion of a water layer’” has not been considered
in the present work due to the large computational effort
required. It has previously been shown that the presence of
water may help stabilize some species more than others via
hydrogen bonding. For example, *NH is expected to be
stabilized slightly by hydrogen bonding, while the effect of the
water layer on *N will be negligible. The effect of hydrogen-
bond stabilization of the adsorbates has been estimated in a
previous publication.”” A relatively small correction for the N—
H bonds was found to be around 0.08 eV per H bond. From
this, we conclude that the onset potentials being calculated in
the present study are likely to change by a similar magnitude,
that is, less than 0.1 eV. Thus, the correction is not done in the
present study.

Computational Details. All calculations were performed
using DFT with the RPBE exchange-correlation functional.*
The core electrons were described by a PAW representation,®
and the valence wave functions were expanded in a basis set of
plane waves with an energy cutoff of 350 eV. The electron
density of the valence states was obtained by a self-consistent
iterative diagonalization of the Kohn—Sham Hamiltonian, with
the occupation of the Kohn—Sham states being smeared
according to a Fermi—Dirac distribution with a smearing
parameter of kzT = 0.1 eV. Activation energies were calculated
as the highest point along the minimum energy path (MEP)
acquired using the climbing image nudged elastic band method
(CI-NEB).**™ A 4 x 4 x 1 Monkhorst—Pack k-point sampling
is used for all the surfaces. All calculations were performed
using the Vienna ab initio simulation package (VASP).">™%

Mononitrides of Zr, Nb, Cr, and V were considered in both
the rocksalt (RS) and zinc blende (ZB) structures in the
present study, as they were previously found to be very
promising for electrochemical ammonia formation.”” Two low-
index facets were considered for each crystal structure, the
(100) and (111) facets of the RS structure and the (100) and
(110) facets of the ZB structure, as shown in Figure 1. To
model each nitride surface, 40 atoms in five layers with each
layer consisting of four metal atoms and four nitrogen atoms

Figure 1. Metal nitride unit cell and top views of the low-index
surfaces used in this study: (a) rocksalt (100), (b) rocksalt (111), (c)
zinc blende (100), and (d) zinc blende (110). The surface unit cells
have been repeated once in the lateral directions. Metal atoms are
represented by cyan spheres and nitrogen atoms by dark blue spheres.
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Figure 2. Free energy diagrams for NH; formation via a Mars—van Krevelen mechanism on different facets of RS and ZB crystal structures of VN,
ZrN, CrN, and NbN at zero potential. The labels below each free energy diagram show the most energetically favorable intermediates that form on
the surface at each step. A, B, C, and D identify on which metal atom/surface N the H adsorbs, where those labels are specified in Figure 1. The
terms **Zr,, and ®Zr,, mentioned for the ZB(110) of ZrN indicate that H adatoms adsorb on a bridge position between two adjacent Zr atoms
(*Zr and PZr). The (100) facets of ZB structure of ZrN and NbN are not included here due to structural instability, and they are therefore excluded
from further study. Further detailed information regarding assessment of the stability of these metal nitrides is provided in Table S2.

were used. The bottom two layers were fixed, whereas the
adsorbate(s) together with the three topmost layers of the
nitrides were allowed to fully relax. Boundary conditions were
periodic in the x and y directions, and surfaces were separated
by 12 A of vacuum in the z direction. Due to the large vacuum
layer and in order to improve calculational convergence, the
calculations were run without imposing a dipole correction.
Test calculations confirm that the effect of adding a dipole
correction is small and in no cases above 35 meV. The
structural optimization was considered converged when the
forces in any direction on all moveable atoms were less than
0.01 eV/A. All calculations were spin-paired with the exception
of VN and CrN, as they were previously shown to have
magnetic properties at their equilibrium lattice constants.*® The
magnetic moment of VN and CrN and the RPBE lattice
constants were taken from ref 46, where their calculated values
are 1—-2% from the experimental values.

B RESULTS AND DISCUSSION

The catalytic activity of ZrN, NbN, CrN, and VN in the
RS(100/111) and the ZB(100/110) structures for reducing N,
to NH; via a MvK mechanism is investigated. We found that
this mechanism is more energetically favorable on the surface of
nitrides compared to the common associative or dissociative
mechanisms studied generally on surfaces. For the associative
mechanism, the formation of *N,H was found to be
thermodynamically unfavored on the surface of these nitrides.
For the dissociative mechanism, very large kinetic barriers of
more than 2.5 eV were found for splitting of dinitrogen on the
surface (see Supporting Information, Figures S2 and S3).
Stability of a surface nitrogen vacancy (N vacancy) with respect
to both migration into the bulk and poisoning in an
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electrochemical environment and ease of N vacancy replenish-
ment and therefore endurance of catalytic cycle are also
investigated. Two different kinds of elementary steps are
considered in the modeling. One is an electrochemical step
with proton/electron transfer, such as protonation of the
nitride surface. In the constructed free energy diagrams
discussed below, the largest difference between two adjacent
electrochemical steps is termed the potential-determining step
(PDS) as it indicates the bias required to make all
electrochemical steps exothermic. The other step is a non-
electrochemical step without proton/electron transfer, such as
replenishment of the nitride with Ny). This type of step
cannot be tuned by applying bias and consequently determines
the rate of reaction and is labeled as such, rate-determining step
(RDS).

Catalytic Activity. Formation of the Initial NH; Molecule.
DFT calculations are used to investigate the reactivity of
different facets of the nitride candidates toward reduction of a
surface nitrogen atom to form a single ammonia molecule
according to eqs 3—6. At every protonation step, various
possible adsorption sites are inspected, including other N
atoms, metal atoms, and bridging sites to evaluate the most
stable adsorption site. The free energy of all intermediates is
calculated according to eq 22, with reference to N, and H, in
the gas phase. Free energy diagrams for this process on all
nitrides considered are shown in Figure 2. The large free energy
difference observed between the reactants (N, + 3H,) and
products (2NH;) is because these different metal nitride
surfaces adsorb different numbers of H atoms before releasing
NH; (in most cases, more than three proton/electron pairs are
required for formation of an ammonia molecule) and not
because of the energy required to form the N vacancy. The
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largest free energy increase and the associated proton transfer
step in the mechanism of forming one ammonia molecule on
different facets are collected in Table 1.

Table 1. Largest Free Energy Increase (AG,p,, in eV) and the
Associated PDS (Electrochemical Step with the Largest
Increase in Free Energy) in the Mechanism of Forming One
Ammonia Molecule via a Mars—van Krevelen Mechanism on
Different Facets of RS and ZB Crystal Structures of VN,
ZrN, CrN, and NbN“

RS(100) RS(111) ZB(100) ZB(110)
AG,, PDS AG,, PDS AG,, PDS AG,, PDS
ZN 076 #2142 #7 - - L2 #11
NbN 065 #3  LI2  #6 - - 059 #4

CrN 0.46 #1 0.58 #6 L11 #9 0.54 #3
VN 0.51 #1 0.85 #6 0.97 #9 106 #7
“The # indicates which protonation step in Figure 2 determines the

potential.

Considering first the RS(100) nitrides, it can be seen that, for
most of these nitrides, every protonation step is endergonic.
However, the free energy required at each step is rather low and
can be overcome with an applied bias of less than —0.80 V vs
SHE for all nitrides. For ZrN, NbN, and VN, the release of
NH; is also endergonic, and this cannot be overcome with an
applied bias. However, in acidic conditions, the adsorbed NH;
is likely to get further protonated to NH," and released into the
solution, thereby avoiding this small increase in free energy.
Thus, this step is not discussed further. A notable feature of the
RS(100) nitrides is that, in general, very few H'/e pairs are
required to generate NH;. For CrN and VN, each protonation
step adds to the same surface N atom, meaning that the

minimum of three H*/e™ pairs is required to form one NHj.
For the three other facets, more than the minimum H*/e™ pairs
are required due to the protons adding either to neighboring
nitrogen or metal atoms in some elementary steps. This means
that a higher current efficiency should be expected for
formation of the first NH; on the RS(100) facets. However,
it should be noted that this is only half of the catalytic cycle for
ammonia formation on transition metal nitrides.

For the RS(111) nitrides, it is seen that the most favorable H
adsorption site is always a surface N with no tendency of
binding H to neighboring metal atom(s), even at high coverage.
On other facets, H adsorption is usually seen on neighboring
metal atom(s) at low coverage. The only exception is VN, for
which metal protonation is never the lowest energy
configuration on any facet, and it is always the surface N that
adsorbs protons strongly. The preferential binding to the N
atoms of the (111) facets can be rationalized by the texture of
the facet. The N atoms protrude somewhat from the surface
and are thus more exposed than the metal atoms. In general,
the largest increase in free energy is greater for the (111) facets
than for the (100) facets. In our previous work,” it was found
that protonation of neighboring metal atoms usually lowered
the free energy of the PDS for a given nitride, by up to 0.3 eV.
This might explain the observation regarding higher AG,,, on
(111) facets, where such proton coverage on metal atoms is
missing. Another interesting point for the (111) facets is that,
in all cases, all of the surface nitrogen atoms are at least singly
protonated before an ammonia molecule is formed. Again, this
implies a lower current efficiency.

The zinc blende surfaces, in general, require more H'/e™
pairs to form NH; than the analogous rocksalt surfaces;
however, all surfaces are rather unique in the order of
protonation. Aside from VN, where all the protons are only
added to the surface nitrogen(s), some degree of metal atom
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Table 2. Largest Increase in Free Energy of Any Elementary Step in the Formation of the Second NH; Molecule (AG,,,,, in eV)

and Barrier of N, Dissociation (E,(..xy), in €V)

RS(100) RS(111) ZB(100) ZB(110)
assoc. dissoc. assoc. dissoc. assoc. dissoc. assoc. dissoc.
AGi DG Eyn.n) AG DG Eynn) AG DG Eynen) AG DG Eyn.n)
ZiN 0.76 076 011 142 1.56 0.18 - - - 1.02 1.02 046
NbN 065 065 03s 112 L12 045 - - - 0.59 059 0.04
CiN 085 076 058 077 071 127 124 L11 209 0.76 0.54 030
VN 051 0.51 030 0.85 0.85 055 097 122 157 1.06 124 021

protonation seems required for other nitrides before forming
NH;. The ZB(100) surfaces of CrN and VN are somewhat less
active than other facets of the same nitrides toward forming one
NH; molecule, with AG,,,, of around 1 eV. The ZB(100) of
Z:N and NbN was found to be unstable upon geometry
optimization and therefore excluded from the rest of the study.
Of the ZB(110) surfaces, CrN and NbN are expected to be
rather good at forming NH;, with low values of AG,,,, (~0.5
eV). ZIN suffers from both a high AG,, (~1 V) and a
requirement of almost 4 times the minimum number of H'/e~
pairs to form NH,. A final point to note is that, for all of the
nitride surfaces considered here, rather than formation of a
monolayer of H on the surface that could cause recombination
of hydrogen and desorption as H,, NH; is formed. This is
significant as it implies that NH; will be formed preferentially
over the evolution of hydrogen, which was a substantial
problem with pure metal surfaces.””

Replenishment of N Vacancies and Endurance of the
Catalytic Cycle. After the formation of the first NH; molecule
as detailed above, the created N vacancy must be replenished
for the catalytic cycle to persist. This is done by adsorption of
solvated N,, where one of the N atoms is used to refill the N
vacancy and the other N atom is used to form a second NH;
molecule. As identified in our previous study,”” for a number of
the nitrides, replenishing the single N vacancy on the surface
requires a prohibitively large increase in free energy. This can
be circumvented by first forming a second NH; molecule,
leaving two N vacancies (a vacancy dimer) on the surface, after
which gaseous N, is adsorbed. These mechanisms are given in
egs 7—11 and 12—16. It was found that, for some of the nitrides
studied here, a single-vacancy mechanism is possible, with the
exceptions of all of the RS(111) surfaces, RS(100) of CrN,
ZB(100) of CrN and VN, and ZB(110) of ZrN and VN. These
two mechanisms are hereafter collectively referred to as a
“dissociative mechanism”, as the adsorbed N, dissociates
without protonation. An alternative mechanism is considered
in which the adsorbed Nj is protonated prior to dissociation.
This is referred to as the “associative mechanism” and is
detailed in eqs 17—21. In the present section, replenishment of
the surface N vacancy and formation of the second NH;
molecule is investigated for all surfaces to identify the likely
mechanism operating. Energy barriers that cannot be overcome
by an external bias, namely, replenishment of the vacancy and
dissociation of N, are investigated and discussed.

The first consideration is to check whether ammonia forms
via a dissociative (D, in Figure 3) or an associative (4, in Figure
3) mechanism. Free energy diagrams are shown for the overall
mechanisms in the Supporting Information (see Figure S1).
For simplicity, rather than discussing the whole of the free
energy diagrams, only two key steps in the mechanism are
discussed to identify whether a dissociative or associative
mechanism is operating. The first is the elementary step in
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which the N vacancy is replenished and the second is the
elementary step that has the largest increase in free energy. The
change in free energy associated with vacancy replenishment in
both the associative and dissociative mechanisms is shown in
Figure 3. The largest increase in free energy for any elementary
step (AG,,,) as well as the barrier for N, dissociation [E,(x..x)]
are given in Table 2.

Considering first the RS(100) surfaces, it can be seen from
Figure 3a that for all nitrides it is thermodynamically preferable
for the vacancy to be replenished dissociatively. Furthermore,
for all nitrides, dissociative replenishment is exothermic.
According to Table 2, the barrier for N, dissociation is
relatively low for ZrN, NbN, and VN (0.11, 0.35, and 0.30 eV,
respectively) and should be able to be overcome at ambient
conditions. For CrN, the N, dissociation barrier is 0.58 eV,
which means that the rate would be rather slow if the
mechanism were to proceed dissociatively. However, it can be
seen that for the associative mechanism an increase in free
energy of 0.85 eV is required to fill the vacancy. As this is not
an electrochemical step, it would restrict the rate of reaction
even more than the dissociative mechanism and is likely not
favored. It is concluded that all RS(100) nitride surfaces likely
form the second NH; molecule via a dissociative mechanism.

An interesting observation arises for the RS(100) of NbN
and ZrN. On these surfaces, there are H adatoms present at the
point of N, adsorption. It is found that over the course of N,
addition and dissociation, neighboring hydrogen atoms migrate
to the outermost N adatom on the vacancy. It is likely that this
weakens the N—N bond, thus facilitating dissociation, resulting
in the relatively low barrier to N, dissociation on these nitrides.

Figure 3b shows that dissociative replenishment of the
vacancy is exothermic for all RS(111) nitrides. However, on
ZrN, a later protonation step becomes the elementary step with
the largest increase in free energy, which is larger in the
dissociative mechanism compared to the associative mechanism
(see Table 2). Thus, it is concluded that formation of the
second NH; molecule on ZrN is likely by way of the associative
mechanism. For NbN, it is exothermic to replenish the vacancy
dissociatively, compared with endothermic associative replen-
ishment. Furthermore, the barrier to dissociate N, is relatively
small, thus the dissociative mechanism is the most probable.
For CrN, the dissociative mechanism is thermodynamically
favored; however, a large barrier exists for N, dissociation.
Thus, it is likely that CrN proceeds via an associative
mechanism. However, it is worth noting that there is a
significant increase in free energy required to replenish the
vacancy associatively (0.77 V), and thus NH; formation on
RS(111) CrN is likely to be slow. For VN, both mechanisms
exhibit a large barrier that cannot be overcome with an applied
potential; for the associative mechanism, it is endothermic to fill
the vacancy, and for the dissociative mechanism, a barrier of
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0.55 eV exists for N, dissociation. The dissociative mechanism
is likely favored but rather slow.

For the ZB(100) surfaces, dissociative vacancy replenishment
is exothermic. However, for both surfaces, large barriers of over
1.50 eV exist for N, dissociation. That makes dissociative
ammonia formation inactive at ambient conditions. On the
ZB(100) surfaces of VN, an associative path should be possible,
but on ZB(100) surfaces of CrN, the associative path is likely
very slow due to presence of a non-electrochemical step (filling
the vacancy with N,) with free energy change of 1.24 eV.
Hence, the presence of ZB(100) facets of CrN in polycrystal-
line film of this catalyst will not be able to catalyze the N,
electroreduction to ammonia.

For the ZB(110) surfaces, dissociative vacancy replenishment
is exothermic in all cases and with relatively low barriers for
dissociation, and most are likely to form the second NH;
molecule dissociatively. However, the ZB(110) surfaces of ZrN
and NbN are likely to have both the dissociative and the
associative mechanism operating. The non-electrochemical N,
adsorption step of the associative mechanism is endothermic on
both CrN and VN on this facet and will be unlikely to have any
important role in the overall activity.

Generally, for the nitrides with a N, dissociation barrier of
<0.5 eV, such as RS(100) of ZrN, NbN, and VN, RS(111) of
ZrN and NbN, as well as ZB(110) of ZrN, NbN, CrN, and VN,
cleavage of N, and replenishment of the N vacancy should be
achieved. The existence of these low barriers for N, dissociation
can be attributed to two factors: the existence of N vacancy
sites on these surfaces that activates the highly inert N, and the
high affinity of these nitrides (specifically the transition metal
atoms) to nitrogen acting as a driving force for dissociative
adsorption of N,.

A final result considering the N, dissociation barriers on the
surface N vacancy of the metal nitrides studied here is that
there is no apparent correlation between the thermochemical
energy of dissociation (AE) and the kinetic barrier (E,). This
departure from the Bronsted—Evans—Polanyi (BEP) relations
implies that this class of materials may be particularly promising
for efficient N, reduction catalysis as the activity of previously
identified heterogeneous N, reduction catalysts is limited by
these BEP relations.”"” These data are shown in Figure 4. This
indicates the need for explicit calculations of the barriers rather
than inference of E, from calculated AE.

The free energy change of the electrochemical step with the
highest increase in free energy (AGppg) of each facet of the
transition metal nitride catalysts is shown in Figure 5 based on
the most favorable reaction mechanism as deduced above. It
should be noted that this includes the whole mechanism to
form 2NH,;. Most of the facets exhibit relatively high activity
toward ammonia formation. Concerning the nature of the PDS
of the reaction, there is no clear trend either within a given facet
or a given metal nitride, which supports our procedure of
studying this as explicitly as we have done here, instead of using
a much more approximate model as the scaling relation of
adsorption energies.“

To summarize the results of the catalytic investigations, it has
been found that, for most of the nitride catalysts, a relatively
low applied bias is required to tune the electrochemical steps
such that the reaction is spontaneous. Investigation of the
kinetics of non-electrochemical steps shows that, for most
nitrides, the barrier for splitting N, is low enough to provide
significant rate at room temperature. For VN in the ZB(100)
structure, the N, dissociation barrier is high but may be
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Figure S. Comparison of the free energy change (AGpps, in eV) of the
most endothermic electrochemical step of NH; formation on four
different facets of ZrN, NbN, CrN and VN. A MvK mechanism is
considered, where at each H addition step every possible adsorption
site is investigated including other N atoms, metal atoms and bridging
sites with at least 6(H"+e ") needed to form 2NH;. The most favorable
reaction mechanism for filling the N-vacancy, either associative (A-
MvK) or dissociative (D-MvK), is specified inside the bar
corresponding to each surface. The labels above each bar indicate
the species formed prior to PDS and the bold text indicates the species
formed right at the PDS, the notation of which is explained in Figures
2 and E1. The number inside each bar indicates the number of protons
and electrons required to complete the catalytic cycle of 2NH;
formation. The RS(111) and ZB(100) facets of CrN are not included
here since they both have a high barrier to dissociate N, on the N-
vacancy as well as associative N, addition to the N-vacancy is
endothermic, see Figure 3, Table 2 and Figure S1. Hence, all the facets
presented in this figure have PDS which can be tuned by applying a
bias of U = -AGpps.

circumvented by proceeding via an associative mechanism.
Only two nitride surfaces, that is, RS(111) and ZB(100) facets
of CrN, are found to have prohibitively high kinetic barriers for
N, dissociation and are also endothermic for associative
vacancy replenishment, neither of which can be tuned by the
bias. Therefore, these facets are not shown in Figure S.
Furthermore, due to the fact that after formation of one
ammonia molecule a surface vacancy remains that cannot be
replenished by nitrogen on those particular facets of CrN, there
exists a possibility that this may cause leaking of the nitrogen
from the bulk of the catalyst, resulting in decomposition of the
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catalyst into pure metal and ammonia. This will be considered
further in the next section.

An overall conclusion of the results in Figure S is that the
(100) facets of RS structure of ZrN, NbN, CrN, and VN are
promising NH; electrocatalysts as identified by our previous
study,”” and the ZB(110) facets of CrN and NbN seem to be
equally as active, with onset potentials of only 0.54 and 0.59 V,
respectively. It can be seen that the RS(111) facets of ZrN and
NbN and the ZB(110) facets of ZrN and VN need high
overpotentials for NH; formation, with onset potentials more
negative than —1.0 V vs SHE. To increase the rate of NH;
formation on these catalysts, the exposure of those less active
facets should be minimized as much as possible. This is
experimentally possible by growing single-crystal nitride
catalysts, with some control over the exposed facets.”” As
mentioned in our previous study,” the RS(100) facets of both
CrN and VN are particularly interesting not only because of
onset potentials of significantly less than —1.0 V but also
because the current efficiency of these catalysts might be
relatively high due to the low number of H'/e™ pairs required
to form 2NHs.

Stability of N Vacancies on the Surfaces. As already
discussed, in a Mars—van Krevelen mechanism, NH; is formed
by way of reacting a surface N atom, leaving a N vacancy on the
surface that must be replenished with gaseous N, for the
catalytic cycle to complete. However, there exists the possibility
that the N vacancy can migrate to the bulk of the nitride (i.e, N
atoms from the bulk migrate to the surface) instead of being
replenished with a nitrogen molecule from the solution. This
can, in principle, continue until all of the nitrogen in the
catalyst has reacted and formed ammonia, leaving only the pure
metal, which has been suggested to be inactive or inefficient for
NH; formation in most cases.”” Therefore, stability of the N
vacancy at the surface of the catalyst is estimated by comparing
the difference in energy of a nitride slab with a N vacancy in the
surface layer (E,,;) and to that of a N vacancy in the first
subsurface layer (E,,,). The minimum energy configuration of
each of these slabs is found and the energy difference (AE,,. =
E.; — E.) used as an estimate of the thermodynamic
stability of the vacancy at the surface of the nitride. Activation
barriers for vacancy migration (E,,,.) are also calculated, and
both AE,, and E,, are presented in Figure 6. For most
nitrides, it is thermodynamically favorable for the vacancy to
migrate to the bulk, with AE,, less than or close to zero.
However, many of the considered nitrides exhibit a high
activation barrier for vacancy migration and are thus expected
to demonstrate a kinetically stable N vacancy on the surface,
where the filling of the vacancy with N, from the solution
(presented in Figure 4) may be faster than for the N vacancy to
migrate to the bulk. This will be compared explicitly below. The
one clear exception is NbN in ZB(110), for which there is
neither a thermodynamic nor a kinetic barrier against vacancy
migration. Therefore, despite the high catalytic activity of this
facet, it is unlikely to make a suitable electrocatalyst for NH;
formation. Accordingly, the ZB(110) facet of NbN needs to be
avoided when such a catalyst is synthesized and used for
electrochemical ammonia formation. The second lowest barrier
for vacancy migration is for the ZB(110) of VN, with an
activation barrier of 0.51 eV. The VN catalyst could be reduced
completely if a N vacancy is formed. However, this facet is
relatively inactive toward ammonia formation since a potential
of —1.24 V vs SHE is needed to form ammonia on that specific
facet (see Figure S above). Therefore, in practice, this may not
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Figure 6. Energy differences (AE,,) of a N vacancy at the surface
layer and in the first subsurface layer of a nitride and the associated
activation barrier of N vacancy migration (E, ).

be of any concern since such a high negative bias is not needed
in order to form ammonia from other facets of the VN catalyst.

For a more detailed assessment of the stability of the N
vacancy, the competition between migration of the N vacancy
from the surface into the bulk (or migration of bulk nitrogen to
the surface) after formation of the first ammonia molecule and
regeneration of the N vacancy with N, is inspected. If the
vacancy is likely to replenish faster than it migrates into the
bulk, the catalyst is likely to be able to be regenerated and the
second NH; molecule formed. The free energy barriers (G,) for
each process are displayed in Figure 7a—d, where for the
vacancy migration process G, = E, and for the process of
replenishing the vacancy G, = E, + 0.6, where the 0.6 eV is used
to account for the loss of entropy of Nz(g).w

As can be seen, the catalytic cycle of 2NHj; formation should
be sustained on all facets of ZrN as regeneration of the catalyst
with nitrogen (replenishment of the vacancy) always occurs
faster than migration of the nitrogen content into the surface
(decomposition). Therefore, a polycrystalline film of such a
catalyst should not result in decomposition in an experimental
setup. For NbN, both the (100) and (111) facets of the RS
structure should have a stable vacancy at the surface and hence
a sustainable catalytic cycle. As identified above, the ZB(110)
facet of NbN has a very low barrier for vacancy migration,
which is indeed lower than the barrier for vacancy replenish-
ment. Therefore, the nitrogen content might leak out after
formation of the first ammonia molecule. Furthermore, the bias
required to form ammonia on this facet (—0.59 V vs SHE) is
lower than the bias required for ammonia formation on the
other facets, thus formation of ammonia is likely to result in
decomposition of the catalyst by migration of the bulk N to the
surface. The only solution for using NbN as an electrocatalyst
is, hence, to grow a single crystal of the RS NbN. As a result,
the ZB NbN is not further discussed in following subsections.

The RS(111) and ZB(100) of CrN, which were eliminated
due to the high barrier of N, dissociation and endothermic
associative N, addition, are brought back in Figure 7 to
investigate whether regeneration occurs faster than decom-
position. For the RS(111), catalyst regeneration takes place
much slower than decomposition, and that might result in
leaking the nitrogen content of this facet out if polycrystalline
film of this catalyst is used in the experiment. For the ZB(100),
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Figure 7. Calculated activation free energies (G,) of regenerating the catalyst by N, dissociation for replenishment of the N vacancy compared with
activation free energies of vacancy migration into the bulk (migration of nitrogen atoms from the bulk toward the surface) for (a) RS(100), (b)

RS(111), (c) ZB(100), and (d) ZB(110).

the decomposition is slower than regeneration. It means that
existence of this latter facet in a polycrystalline film of CrN
should not cause leaking of the nitrogen content out of the
catalyst. Therefore, the decomposition of CrN may only arise
from the existence of the RS(111) facet and not from the other
facets in a polycrystalline film of this catalyst. This issue can be
avoided if the RS(111) facet of CrN is eliminated from the
experimentally synthesized CrN catalyst.

For VN, all facets except for RS(100) exhibit faster vacancy
migration than replenishment of the N-vacancy and are likely to
leak the nitrogen content out if ammonia is formed on these
facets. However, the bias required to form NH; on VN
RS(100) is only —0.51 V vs SHE, compared with at least —0.85
V or more negative on its other facets. Hence, decomposition
of a polycrystalline catalyst of VN could be prevented by
applying a low bias of up to —0.5 V vs SHE and forming NH,
only on the RS(100) facets. For this reason, only the RS(100)
facet of VN will be discussed further.

Poisoning of the Surface Vacancy. In addition to being
stable at the surface, the vacancy must also be filled with Ny,
from the reaction environment. Here, we focus on aqueous
solutions, having both water and solvated protons near the
solid—liquid interface. Hence, there exists the possibility that
the vacancy could rather be filled with protons, O, or OH
groups from the aqueous electrolyte, all of which would block
this surface active site and thereby prevent completion of the
catalytic cycle.”® In the present section, the competition
between N, O, OH, and H for filling the surface vacancy is
investigated by considering the free energy of filling the vacancy
with O, OH, or H relative to 2N (AG(s;y_+x), where X = O,
OH, or H). These free energies are referenced to N,, H,0, and
1/2H, (or H* + ¢”) and are calculated at the onset potential for
ammonia formation proposed for each facet. A negative value of
AG #yy-+x) indicates that it is thermodynamically favorable to
fill the vacancy with N, rather than O, OH, or H. The values of
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AG+yn-x) are shown in Figure 8 for all the catalytically active
facets of promising nitrides.

DGy &V
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Figure 8. Comparison of the free energy of adsorption of O, OH, or H
(relative to 2N) to the surface vacancy of catalytically active nitrides
(AGan-#x) in eV). Free energies are calculated relative to Ny,
1/2Hy(y), and H,O(y). All free energies are evaluated at the calculated
onset potential for each nitride (based on the most favorable reaction
mechanism and shown vs SHE). The adsorption energy of two N
atoms is compared with one O, one OH, or one H since the nitrogen
comes from N, filling the vacancy where one of the N adsorbs to the
vacancy and the other N adsorbs on top of the metal atom nearby.
However, only one O or OH or H fills the vacancy from the
surrounding water or solvated protons in water.

It can be seen that N atoms bind more strongly than H, OH,
and O atoms to the surface vacancy for all facets considered.
Hence, it is likely that none of these three species will poison
the surface vacancy. Therefore, for all of these facets, the
vacancy is likely to be refilled by nitrogen, and thus the catalytic
cycle should endure to form the second NH;. The weaker
binding of O to N vacancy compared to H is as expected
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because, when the bias is tuned toward more negative values,
the O species bind weaker on the surface compared to H,O in
the gas phase:

H,0 + * — *0 + 2H" + 2¢~ (24)

Conversely, the H adsorption free energy becomes more
negative when the bias is lowered:

H'+¢ - *H (23)

Removal of Surface Oxygen to Water. Under sample
preparation, handling, or reaction conditions, there exists a
possibility of oxide formation on the surface of the catalyst.
This may occur either upon transfer from the growth
conditions (usually UHV) through an atmospheric environ-
ment to the electrochemical setup or upon exposure to the
electrochemical media. Electrochemical removal of an oxygen
atom on the surface may be expressed according to the
following reactions:

O +2(H" +¢7) = H,04 + * (26)
AG = G[H,0p)] = Gio = G[Hyp)] @7)
AG = Gf[H,O] = (AEyo + AEgpp,0 — TAS,o
— neU) (28)
U= _(G{[Hzo(g)] = (AE;o + AEgpgy0 — TAS,0))/2
(29)

For electroreduction of oxygen adatoms to water, 2(H" + ¢7)
are required. In order for the reaction free energy in eq 27 to
equal 0, a potential of U needs to be applied given by eq 29.
The free energy of adsorbed oxygen (*O) on the surface is
calculated using DFT with reference to water. The free energy
of formation of H,O(q) and Hyy) is taken to be —2.36 eV and 0,
respectively, at standard conditions taken from thermochemical
table values.”” These potentials are calculated and depicted in
Figure 9 for all the nitrides and compared with the

B X = Oxygen atom removal
[T1X = NER potential

U/ V (vs. SHE)

N cmN VN

RS(100) RS(111) ZB(110) RS(100) RS(111) RS(100) 2ZB(110) RS(100)

Figure 9. Required potential for removal of oxygen that might form on
the surface of the nitride catalysts. The values are calculated with DFT
and solved for eq 29.

corresponding potential required for NER at each facet. A
positive value of U indicates that spontaneous removal of O
from the surface will occur upon exposure to the electrolyte
under reducing conditions. Consequently, for all nitride
surfaces studied here, the oxygen adatoms should sponta-
neously reduce to water before a sufficiently negative potential
is reached to get an appreciable rate of NER. The important
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point to note is that in the case where a thick oxide layer is
formed on the surface due to long-time exposure of the metal
nitrides to air, the oxide layer removal may be more challenging
than addressed here. However, it should be possible that such
an oxide layer can be practically prevented in many ways, for
example, by coating the surface of the catalyst with a thin layer
of a material that will later be easily removed in electrochemical
setup prior to NER. However, this analysis demonstrates that
there will be no tendency for O atoms to poison the surface
when the surface is in contact with the aqueous electrolyte.
Candidates To Be Tested in Experiments. Finally, the stable
nitride candidates for which the rate and efficiency of NHj
formation is expected to be high are collected in Figure 10. As

ZZRS(100)
CIRS(111)
E=ZB(110)

UV (vs. SHE)

[ N

Figure 10. Comparison of the proposed bias for N, electroreduction
to NH; via a MvK mechanism on stable facets of ZrN, NbN, CrN, and
VN.

can be seen, all the RS(100) surfaces require only a small bias
to reduce nitrogen to ammonia. The ZB(110) of CrN is also as
active. However, the RS(111) of ZrN and NbN as well as the
ZB(110) of ZrN needs to have more negative bias to reduce N,
to ammonia. In addition, hydrogen production on all of these
nitride candidates is explicitly considered within our mecha-
nistic model, and accordingly, all of these candidates should
suppress competitive hydrogen production, in contrast to
metallic surfaces that almost exclusively evolve hydrogen gas.”
From Figure §, it is known how many electrons and protons
(n) are needed to make 2NHj; The current efficiency is
calculated as 6/n X 100% (6 being the minimum number of
H/e™ pairs) and is summarized in Table 3 along with the onset
potential for ammonia production. It is assumed here that the

Table 3. Most Promising Facets of the Nitride Candidates
(Green Background) and Corresponding Potential Window
and Current Efficiency for N, Electroreduction to NH; via a
MvK Mechanism on ZrN, NbN, CrN, and VN

RS(100)

RS(111) ZB(100) ZB(110)

ZrN

NbN

CrN

VN
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H adatoms that do not form NH; will contribute to H,
formation from the surfaces’” and thus offer a lower bound
to the current efficiency. The current efficiency is high in most
cases for these metal nitrides. Table 3 shows a summary over
the transition metal nitride candidates and corresponding
potential window for experimental ammonia formation.

It can be concluded that the most promising surface of these
nitrides for electrochemical ammonia formation should be the
RS(100). Besides, all of these four nitrides naturally crystallize
in NaCl-type structure (rocksalt) under normal condi-
tions.”*™>” These are promising nitride catalysts that show
high activity and selectivity toward NER and ammonia
formation at potentials around —0.5 to —0.8 V, while the
equilibrium potential of ammonia formation from H,(g) and
N,(g) is around +0.06 V.*® The most recent experimental work
at ambient conditions utilized Pt/C electrodes to synthesize
ammonia from air and water at a potential of around —1.6 V
with about 1% CE."> Moreover, the endurance of the catalytic
cycle seems to be sustained and secured on the surface of these
candidates. Because they are stable enough against both
poisoning and decomposition in aqueous solution, replenish-
ment of the N vacancy at ambient conditions seems feasible as
the kinetic barriers of dissociation of nitrogen on the vacant site
are relatively small. However, in order to achieve higher current
densities in electrochemical experiments, the following facets of
the nitrides should be avoided: the ZB(100) of CrN and VN as
well as ZB(110) of VN, as these facets are relatively inactive
(require applied potentials of more than —1.0 V vs SHE) for
ammonia formation but can exist in a polycrystalline film of the
catalyst.”®! In order to prevent decomposition of the whole
catalyst, the following surfaces need to be avoided: the RS(111)
of CrN and VN as well as ZB(110) of NbN, as migration of the
N vacancy to the bulk of catalyst should proceed faster than
replenishment of the N vacancy and regeneration of the
catalyst. Growing a single crystal of other facets that are active
and stable for a given nitride may eliminate the possibility of
decomposition. If polycrystalline films are used, the mentioned
issue may also be avoided in some cases by controlling the bias.
For instance, the problem arising with the ZB(100) facet of
CrN and VN may be avoided by not applying a bias more
negative than —1.0 V vs SHE, whereas catalyst decomposition
arising from the ZB(110) facet of NbN cannot be avoided with
a control of the bias since ammonia is formed at lower bias on
this facet than on other active facets of NbN. All in all, the DFT
insight gained on these different nitride catalysts might guide
experiments and contribute to reach more economically viable
energy efficiency investments toward distributed and higher-
yield ammonia formation.

B CONCLUSION

This study is a detailed investigation of the promising nitride
candidates from our recent work’ to gain better insight for
their experimental measurements and real-life application. The
facets previously omitted due to lower stability are investigated
as these metal nitrides are usually synthesized in a polycrystal-
line structure, and here the low-index facets of rocksalt and zinc
blende structures are considered that are common for these
metal nitrides.*® Five important factors have been considered in
this work to identify promising catalysts for electrochemical
ammonia formation in aqueous media: (1) Identification of the
reaction mechanism and calculation of the N, dissociation
barrier. (2) Investigation of the catalytic activity and
quantification of the potential-determining and rate-determin-
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ing steps. (3) Determination of kinetic or thermodynamic
barriers for N vacancy diffusion into the bulk, which can
consequently leak the nitrogen content out of the nitride
catalysts. (4) Investigation of the stability of the nitrides against
poisoning in an electrochemical environment. () Estimation of
the potential required for removal of any oxygen atoms that
may adsorb onto the surface upon exposure to electrochemical
environment. By considering the most common crystal facets in
more details, we have been able to identify which facets of the
nitrides are most active for ammonia formation as well as which
facets should be avoided in order to succeed with high rates and
efficiency for this reaction. These promising nitride catalysts are
all stable against poisoning and decomposition in electro-
chemical environment with feasible regeneration of the catalyst
ensuring the continuity of the catalytic cycle of ammonia
production. Moreover, any primary oxygen that might form on
surface should spontaneously be reduced to water at electro-
chemical environment prior to NER initiation. Besides, none of
these facets should produce hydrogen according to the explicit
consideration of HER within our mechanistic model. More
interesting is the RS(100) of VN and CrN that is expected to
result in ammonia formation with relatively higher current
efficiency as it requires the minimum number of six proton/
electron pair for formation of two ammonia molecules; that is,
no H, gas is expected to be formed. Therefore, experimentalists
are strongly encouraged to test these promising candidates in
the structure and bias range proposed here for the possibility of
higher-yield ammonia synthesis at ambient conditions.
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Density functional theory (DFT) calculations were carried out on a new class of materials in pursuit of
nitrogen activation and electrochemical ammonia formation at ambient conditions. The source of proton
provided by the anode could be either water splitting or H,. But we focused only on the cathode reaction
here where nitrogen is reduced to ammonia. The Mars-van Krevelen mechanism was studied on the (111)
facets of the NaCl-type structure of earlier transition metal mononitrides of Sc, Ti, V, Cr, Mn, Y, Zr, Nb, Mo,
Hf, Ta, W, and Re. The catalytic activity was investigated, free energy of all intermediates was calculated
along the reaction path and free energy diagrams were constructed to explore the potential-determining
steps of the reaction and accordingly estimate onset potential necessary for nitrogen activation on each
different metal nitrides. The possibility of catalyst poisoning in electrochemical environment was also
scrutinized at the bias needed for running the reaction. In addition, hydrogen production on all these
nitride candidates was explicitly considered within our mechanistic model by removing the constraint
of proton adsorption occurring only on surface nitrogen atoms and accordingly most of these candidates
show capability for suppressing competitive hydrogen production, in contrast to metallic surfaces that
almost exclusively evolve hydrogen gas. The likelihood of catalyst decomposition and catalyst regener-
ation was assessed for the most interesting nitrides. It was found that the only active and stable nitride
catalyst that can regenerate itself and activate nitrogen to ammonia is NbN, and others should decompose
to their parental metals under operational conditions.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Transition metal nitrides (TMNs) are typically metallic in char-
acter with nitrogen occupying interstitial positions in the metal
atom arrangement. Due to the incorporation of nitrogen into the
metal lattice, TMNs exhibit different physical and chemical prop-
erties from the parent metals endowing them with attractive
electronic conductivity and catalytic activity [1]. The formation of
TMNs modifies the nature of the d-band of the parent metal, result-
ing in a contraction of the metal d-band and increase of the lattice
parameter, corresponding to the enhanced d-electron density. Such
a d-band contraction would cause a greater density of states (DOS)
near the Fermi level in comparison with the parent metal [2]. That
results in a similar electronic structure with noble metals up to the
Fermi level. Therefore, TMNs have evolved a potential candidate

* Corresponding author.
E-mail address: egillsk@hiis (E. Skdlason).

http://dx.doi.org/10.1016/j.cattod.2016.06.009
0920-5861/© 2016 Elsevier B.V. All rights reserved.

for the noble metal material catalyst and consequently represented
better activity i.e. for electrochemical ammonia synthesis [3-5] and
solar thermochemical ammonia production [6-8] when compared
with pure metals [9]. For catalytic nitrogen reduction to ammonia,
these TMNs have the extra benefit over pure transition metals since
nitrogen atoms are already incorporated in their structure. That
means nitrogen atoms in the first surface layer of the TMNs can in
principle be reduced directly to ammonia and leave a N-vacancy
on the surface. This N-vacancy then needs to be replenished by
adsorbing N, molecule to endure the catalytic cycle [10]. This is
known as a Mars-van Krevelen (MvK) mechanism [11]. In many
cases, N adsorption to the N-vacant site(s) becomes an exothermic
process on TMNs [4] compared to when N; needs to be adsorbed
on pure transition metals [9,12] or on clean TMNs [13], which is
usually endothermic. Therefore, it is interesting to investigate cat-
alytic reactions like nitrogen activation on these TMN surfaces via
a MvK mechanism where its feasibility has recently been reported
on different TMNs [3,4,10,14]. All these characteristics mentioned
above, together with high resistance against corrosion and high

Please cite this article in press as: Y. Abghoui, E. Skiilason, Electrochemical synthesis of ammonia via Mars-van Krevelen mechanism on
the (111) facets of group III-VII transition metal mononitrides, Catal. Today (2016), http://dx.doi.org/10.1016/j.cattod.2016.06.009
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melting points, make TMNs a promising choice for the cathode elec-
trode material of some electrochemical reactions like the Nitrogen
Electroreduction Reaction (NER).

NER is considered an important electrochemical approach for
conversion and storage of renewable energy via nitrogen activation
and electrochemical ammonia formation. Ammonia is extremely
attractive as an energy carrier and a transportation fuel owing to its
high energy density and lack of CO, emissions [15]. Such renewable
approach to produce ammonia is also important for decentral-
ized and evenly distributed production of fertilizers throughout
the world. If that were realized, the sophisticated infrastructures
and economical-intensive operational conditions needed for the
Haber-Bosch process would be surmounted. Therefore, successful
NER can help develop environmentally and economically friendly
methodologies for growing a new energy economy.

The simplest catalyst for electrochemical ammonia formation
would be a pure transition metal catalyst. However, many of these
metals require a relatively large overpotential of up to —1.5V vs.
standard hydrogen electrode (SHE) to activate nitrogen and form
ammonia in 1M aqueous electrolyte (pH=0) at room tempera-
ture [9], where the equilibrium potential for ammonia formation is
around +0.06 V. In addition to susceptibility of some of these pure
metals to readily form oxides, the formation of Hy(g) is very fast
on most of them and severely hinder the production of ammonia
on those surfaces. Recent theoretical studies revealed the possi-
bility of employing under-coordinated molybdenum nanoclusters,
with [3] and without [16] a nitrogen skin, for nitrogen activation
and electrochemical ammonia formation. There it was found that
ammonia can be formed at —0.6V vs. SHE but the N-vacant sites
that are created in that process get poisoned with oxygen from
the electrolyte [17]. This led us to the idea of using a compu-
tational search to find a TMN that would be active for nitrogen
electroreduction to ammonia via a MvK mechanism but at the
same time free of poisoning from the electrolyte [4]. There it was
shown that the energy lowest surface facets of the earlier TMNs
are the (100) facets of the rocksalt (RS) structures whereas the
(110) facets of the zincblende (ZB) structures were energy low-
est for the later TMNs when comparing the energetics of RS(100),
RS(111), ZB(110) and ZB(100) facets using electronic structure
calculations [4]. The most active and selective nitride surfaces
that catalyze nitrogen activation to ammonia electrochemically
at ambient conditions and relatively small overpotentials turned
out to be the RS(100) facets [4,14]. However, the RS(111) facets
of earlier TMNs are also one of the most prevalent texture orienta-
tions when characterizing the manufactured TMN surfaces [18-21]
and those deserve a detailed theoretical investigation for their NER
activity.

In this study, we use theoretical calculations to screen for a sta-
ble and active catalyst amongst a range of RS(111) TMN surfaces
for catalyzing electrochemical nitrogen activation and producing
ammonia. DFT calculations are used to study the thermodynam-
ics of the cathode reaction. Free energy diagrams are constructed
for the electrochemical protonation of surface nitrogen or metal
atoms to obtain onset potentials required for ammonia synthesis
on these types of mononitride structures. The effect of an exter-
nal bias is included by using the computational standard hydrogen
electrode [22], and the lowest onset potential required to pro-
duce ammonia is estimated for each nitride. Stability of the active
sites in electrochemical environment and poisoning of the cata-
lyst under an applied bias are also considered. The likelihood of
catalyst regeneration over decomposition was also investigated
for the most interesting candidates of this RS(111) materials. In
addition, the competing hydrogen evolution reaction (HER) on
all these nitride surfaces was explicitly investigated within our

mechanistic model and the TMN with higher selectivity towards
HER were eliminated from the rest of study.

2. Methodology
2.1. Computations

All calculations were conducted with density functional the-
ory (DFT) using the RPBE exchange correlation functional [23]. A
plane wave basis set with an energy cutoff of 350 eV was used to
represent the valence electrons with a PAW representation [24] of
the core electrons as implemented in the VASP code [25,26]. Our
test calculations confirm that the effect of employing higher cut-
off value (500eV) is as small as 20-45 meV on adsorption energy
of the species on the surface. Therefore, 350eV was chosen as
relatively fair compromise between accuracy and speed. Iterative
diagonalization of the Kohn-Sham Hamiltonian was used to deter-
mine the self-consistent electron density, with the occupation of
the Kohn-Sham states being smeared according to a Fermi-Dirac
distribution with a smearing parameter of kgT=0.1eV. The k-point
sampling used for all the surfaces was a 4 x 4 x 1 Monkhorst-Pack
sampling.

A five-layer slab with four metal atoms and four nitrogen atoms
in each layer was used to model each nitride. The bottom two layers
were fixed whereas the top layers as well as the adsorbed species
were allowed to fully relax. Boundary conditions were periodic
in the x and y directions and surfaces were separated by 12A of
vacuum in the z direction. The structural optimization was consid-
ered converged when the forces in any direction on all moveable
atoms were below 0.01eV A-'. The RPBE lattice constants used in
this study were: ScN: 4.56 A, TiN: 4.29A, VN: 4.17A, CrN: 4.19A,
MnN: 4.21 A, YN: 4.95 A, ZrN: 4.65 A, NbN: 4.48 A, MoN: 4.40 A, HfN:
4.57 A, TaN: 4.44A, WN and ReN: 4.37 A. These RPBE-calculated
lattice constants are 1-2% from the experimental values.

2.2. Reaction pathways and electrochemical modeling

The cathode reaction of the electrochemical process is:
N, +6(H" +e”) = 2NH3 (@)

The source of protons could be either water splitting or H, in the
anode reaction. But we refer to H, here only as a convenient source
of protons and electrons to link our absolute potential vs. SHE [22]:

Hy= 2(H* +e") @)

We consider a heterogeneous MvK mechanism where two sur-
face N atoms are reduced to make 2NH3 and the created nitrogen
vacancies (dimer N-vacancy) are then replenished with solvated N
from the electrolyte. The single N-vacancy approach studied for the
(100) facets [4,14] is not applicable here due to the closely packed
structure of the (111) surfaces where N atoms are protruded from
the surface. Hydrogenation of the surface is carried out by adding
H atoms one-by-one to the surface to represent a proton from the
solution and an electron from the electrode. For protonation, all
the possible adsorption sites on the surface are investigated and
the most stable site and accordingly the most stable intermedi-
ate are taken into account for upcoming protonation steps. In this
approach we therefore do not constrain the protons to adsorb to
a given atom or a molecule on the surface, and therefore we call
this an unconstrained MvK mechanism. The hypothetical reaction
mechanism is shown in Eqgs. (3)-(11):

%+ 6(H +e7) + Ny= «H + 5(H" +e7) + N, (3)
#H + 5(H" +e7) + Np= #2H + 4(H" +e7) + N, (4)
#*2H + 4(H" +e7) + Np= «3H + 3(H" +e7) + N (5)

Please cite this article in press as: Y. Abghoui, E. Skiilason, Electrochemical synthesis of ammonia via Mars-van Krevelen mechanism on
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#3H + 3(H* +e7) + Ny= « N4 NH3 +3(H" +e) + N (6) population of all the surface nitrogen atoms (formation of 4*NH

s« N4 NH3 +3(H" +e7) + Ny = N4 NH3
+*H+ 2(H +e7) + Ny 7)

s« N4 NHsz+ H + 2(H" +e7) + Ny = « N+ NH3
£ %2H + (Ht4+e7) + Ny ®)

# N4 NH3+ %2H + (H* +e7) + Ny = « N+ NH3 + #3H + Ny
(9)

N4 NH3 + %3H + Ny = 2N 4 2NH3 + N, (10)
%« 2N Ny 4+ 2NH3 = = + 2NH3 (11)

An asterisk (*) represents a site on the surface. A nitrogen
vacancy in the surface layer is denoted as **N and a dimer
N-vacancy as *~2N, DFT calculations are used to calculate the min-
imum energy configuration of each species on the surface and
adsorption energies of all intermediates according to reactions
(3)-(11).Various surface sites are considered and the optimal bind-
ing site is identified. It is assumed that activation barriers between
stable minima can be neglected during the electrochemical reac-
tions. The free energy of each elementary step is estimated at pH=0
according to:

AG(0) = AE + AEzpg — TAS (12)

AG(0)is the free energy change of the reaction at zero potential,
and AE is the reaction energy calculated with DFT. The zero-point
energy correction (AEzpg) and entropy differences (AS) including
entropy changes from the solids are calculated within a harmonic
approximation and the values of these are given elsewhere [14].
The effect of an applied bias, U, is included implicitly for all elec-
trochemical reaction steps by shifting the free energy for reactions
involving n electrons by —neU, where AG(U) is the free energy
change of the reaction at onset potential:

AG(U) = AG(0) — neU (13)
3. Results and discussion
3.1. Catalytic activity

We studied the possibility of catalyzing electrochemical nitro-
gen activation to ammonia via a MvK mechanism as given in
Egs. (3)-(11) on the RS(111) facets of earlier TMNs, where upon
protonation of the surface (with consideration of all the feasible
adsorption sites for H) two nitrogen atoms were reduced to ammo-
nia and two nitrogen vacant sites created before the catalyst gets
replenished by solvated nitrogen molecules in the system. For all
the nitrides studied here it was found that during surface protona-
tion, the most energetically favorable adsorption site for protons
was on surface nitrogen atoms, except for TaN where the proton
adsorbs rather to a Ta atom first. In all cases (except for TaN) none
ofthe metallic atoms on the surface bind H stronger than the surface
N atoms. This means that when considering 4 nitrogen atoms and
4 metallic atoms on the surface per unit cell, the most thermody-
namically favorable intermediate is *NH and not the *M (adsorption
on metallic sites). Successive protonation of the surface resulted in

on the surface or a 4/8 monolayer (ML) coverage) without any
favorable adsorption of H on metal atoms. Subsequent protonation
resulted in the formation of either 1*NH, (on the surface of HfN,
VN, CrN, WN, and MnN), or 2*NH, (on the surface of ZrN, MoN, and
NbN) prior to formation of the first ammonia molecule (see Fig. 1).
On the surfaces of ScN, TiN and YN, after formation of *4NH, succes-
sive protonation of the surface contributed to formation of *4NH,
without formation of any *NH3 intermediate. Thus, 1ML coverage
on these three surfaces did not lead to any ammonia formation. For
TiN addition of extra proton, the 9th proton, caused formation of
*NHj3 species and then ammonia formation. But for ScN and YN, this
addition caused recombination of surface H adatoms and evolution
of H, instead. Therefore, ScN and YN are excluded from the rest of
study, as they cannot be used to activate nitrogen to ammonia. TaN
was also found different than the other nitrides in a way that the
first proton binds the Ta metal ion stronger than a N ion on the
surface, but thereafter the next proton binds to the surface N and
forms *NH. Like ScN and YN, TaN was also found of better activ-
ity for forming H; rather than ammonia. ReN was found unstable
upon geometry optimization and also excluded from the rest of
study. The free energy of all intermediates is calculated according
to Eq. (12), with reference to N, and H; in the gas phase. The free
energy diagram for CrN and MnN is presented in Fig. 1 and the
remaining free energy diagrams are shown in Fig. S1 of the sup-
plementary material, where a pathway towards NH3 formation via
a dimer-vacancy MvK mechanism is illustrated and the effect of
applied bias is included. The potential-determining step (PDS) and
the measure of the catalytic activity towards nitrogen activation to
ammonia on each of the nitrides are identified as the elementary
reaction step with the largest increase in free energy (AG). If this
elementary step is a proton-electron transfer step, it can be elimi-
nated by applying a bias and thus shift the free energy landscape in
such a way that all reactions steps become downhill in free energy.

As can be seen for CrN, the PDS is the seventh protonation step
after formation of the first ammonia, with AGpps=0.71eV. Thus,
by applying an external bias of —0.71V vs. SHE, this increase in
free energy can be eliminated and all electrochemical steps will
then be downhill in free energy. For those steps that do not involve
electron transfer, however, there is no favorable change in the free
energy when applying an external bias. This is seen for MnN, for
example, where the fifth protonation step is the PDS by 0.54eV,
but filling the dimer-vacancy being a non-proton/electron trans-
fer step becomes very uphill in free energy (1.36eV) and cannot
be surpassed by an external applied bias. So it becomes a RDS and
temperature or pressure modification is required to speed up this
step. For all the other (111) nitrides, addition of N,(g) to fill the
dimer-vacancy is exothermic occurring spontaneously under ambi-
ent conditions. The free energy change of the PDS of each nitride
is shown in Fig. 2. Most of the nitrides exhibit relatively low onset
potentials towards ammonia formation, with the exception of TiN,
ZrN and HfN.

It was found that for most of the nitrides studied here, there
were 8(H*+e~) needed for activation of nitrogen and formation
of two ammonia molecules. The only exceptions were WN, TiN,
and ZrN for which 9, 10, and 10(H* +e~) were required for for-
mation of two ammonia molecules, respectively. Of course, only
6(H* +e~) are needed to make 2NH3, and these “extra” H*/e~ cou-
ples do not indicate that we have a loss of efficiency since they
will be converted later on to ammonia. Hence the picture is as
follows; we start by loading the nitride with H*/e~ couples and
we create NH and NH, species on the surface until ammonia is
formed. According to Fig. 2, the most interesting nitrides are those
with AGpps close to or preferentially less than 1eV. Here, we pre-
dict that we do not have any H, formation which makes this much
more promising and efficient than the pure metals that will convert
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Fig. 1. Free energy diagram (FED) for nitrogen activation to ammonia via a dimer-vacancy MvK mechanism on CrN and MnN. For CtN the PDS is the seventh protonation
step with AGpps =0.71 eV. The blue line indicates the free energy of all the stable intermediates calculated at zero potential vs. SHE. The red line represents the free energy
of all the stable intermediates at the onset potential. For MnN the PDS is the fifth protonation step while there is also a rate-determining step (RDS) to fill the dimer-vacancy
with AGgps =1.36 eV. As the RDS involves no proton-electron transfer, applying the bias cannot change the free energy landscape in a way surmounting the increase in free
energy of this step. The top view of the RS (111) metal nitride unit cell is shown in the inset where it has been repeated once in the lateral directions. Cyan spheres represent
metal atoms and dark blue spheres represent nitrogen atoms. The N atoms of the TMNs are labeled A, B, C and D and the adsorption site at each step of the FEDs are indicating
which N atoms are reduced each time. The AN labeling of the final step indicates that a dimer-vacancy has been filled by dissociating N». (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

2 according to the free energy diagram illustrated in Fig. 1, filling
CONH, the dimer-vacancy that is necessary for regeneration of the cat-

°NH, alyst is 1.36 eV endothermic. This step becomes the RDS for the
reaction, which cannot be tuned by applying external bias and
therefore is very difficult and slow at ambient conditions. So MnN
is not a good catalyst at room temperature and pressure, but it
could be a very good reactant for ammonia formation [6], where
both theoretical [27] and experimental [28] studies show that it
is thermodynamically stable in NaCl type structure, and this sto-
ichiometry (MnN) is more stable than other phases like MnyN,
Mn;,Ngge, Mn3N,. CrN and VN, however, seem very interesting
material with relatively low onset potentials for nitrogen activation
and ammonia formation. NbN, MoN and WN are predicted to have
only slightly higher overpotential (slightly more negative onset
potentials) and those could also be interesting candidates for this
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Fig. 2. Free energy change of the PDS (AGpps, in eV) of nitrogen activation to ammo-
nia on the (111) facets of the RS structures of TMN surfaces. The labels above each
bar indicate the species formed prior to PDS and the bold texts indicate the species
formed right at the PDS, the notation of which is explained in Fig. 1. For MnN, the
RDS coming from filling the vacancy is also included with a dashed-bar.

most of the electricity to H, [9]. The candidate having the low-
est onset potential for ammonia formation according to this study
seems to be MnN with AGpps =0.54eV or U=-0.54V vs. SHE. But

process.

Another interesting observation is the clear trend found in Fig. 2
for the catalytic activity (or the onset potential) of these nitrides.
As can be seen, the activity increases from left to the right of the
periodic table. Therefore, we explored if any correlation between
the activity and a material dependent descriptor could be found.
The onset potential predicted for ammonia formation was found
to correlate well with the dissociation energy of di-nitrogen in a
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Fig. 3. The onset potential of ammonia formation on the (111) facets of the RS struc-
ture of TMNs as a function of the chemisorption energy of two N adatoms in a dimer
vacancy.

dimer N-vacancy. This correlation is shown in Fig. 3 where the
onset potential of these materials becomes less negative as the
dissociative energy of di-nitrogen on the vacant sites becomes
more positive. However as the dissociative energy becomes more
endothermic, the harder it is to regenerate the N-vacancies as can
be seen for the MnN in Figs. 1-3. That means that the best material
is the one that compromises both features; the onset potential and
the ability to regenerate the vacant sites. This is a volcano-like fea-
ture where the left leg determines the onset potential but the right
leg determines the rate of regenerating the catalyst.

3.2. Poisoning of the surface vacancy

The catalytic activity of these nitrides was investigated via MvK
mechanism due to the potential benefit these materials offer by
the explicit incorporation of nitrogen in their surfaces. After sur-
face Ns have reacted and surface vacancies created at the surface,
these vacancies must be filled with N, from the electrolyte for the
catalytic cycle to endure. However, the vacancy might rather get
filled with a proton, O or OH species from the aqueous electrolyte,
all of which could block these surface sites and avoid filling of the
N-vacancies with nitrogen. Thus, the competition between N with

0, H and OH for filling the surface vacancy is investigated by con-
sidering the free energy of filling the vacancy with any of these
species relative to nitrogen (AG(*2N-*X)), where X=0, H or OH).
The source of these ions are from the water in the electrolyte that
results in formation of 02-, OH~ and H* under operating condi-
tions. We calculate the difference in adsorption energy of these
species compared to adsorbing N, (where two N atoms adsorb to
the dimer N-vacancy) at the onset potential of ammonia forma-
tion. Therefore, these free energies are referenced to N,, H,0 and
H, in the gas phase. A negative value of AG(*2N-*X) indicates that
it is thermodynamically favorable to fill the vacancy with nitrogen,
rather than other three species. These values are shown in Fig. 4 for
all the catalytically active nitrides.

It can be seen that N atoms bind more strongly to the surface
vacancy compared with O for all nitrides. Thus the surface vacancies
are unlikely to get poisoned by this species. N atoms also bind more
strongly to the surface vacancy compared with OH species for all the
nitrides except for MnN and WN. For poisoning by H, however, it can
be seen that the surface vacancy in MnN and WN is likely to be filled
by H, rather than N, whereas CrN is only slightly more favorable to
adsorb H rather than N but that is within the uncertainty of these
calculations. For the remaining nitrides, the vacancy is expected
to replenish by nitrogen and consequently the catalytic cycle may
continue to form NHs.

As can be seen from this analysis of the possibility of poisoning
the N-vacancies, H might block the surface vacancy on CrN. If that
is the case, CrN will have difficulties to regenerate itself by replen-
ishing of the surface vacancy with nitrogen and consequently the
catalytic cycle might cease. For the other promising candidates;
VN, NbN and MoN, the binding energies of O, H and OH are weaker
to the surface vacancy when compared with nitrogen and thus it
should replenish the surface vacancy under the applied potential
in the electrochemical environment.

Overall, when considering both the activity (Fig. 2) and the pos-
sibility of poisoning (Fig. 4) the most promising candidates are
CrN and VN (where MnN has been ruled out because of regener-
ation issue) and the second most promising candidates are NbN
and MoN (where WN has been ruled out because of poisoning
issue). These nitrides should reduce nitrogen to ammonia at poten-
tials around —0.7V to —1.1V. The onset potential required for the
reaction on CrN is only —0.71V vs. SHE that makes it very inter-
esting. Therefore, more detailed stability assessment of N-vacancy
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Fig. 4. Free energy of adsorption of O, H or OH relative to dissociated nitrogen on the surface vacancy of catalytically active nitrides. Free energies are calculated relative
to Na(g). Ha(g) and H,0(g). All free energies are evaluated at the calculated onset potential for each nitrides, TiN: —1.35V, VN: —0.85V, CrN: —0.71V, MnN: —0.54V, ZrN:

—1.56V, NbN: —1.12V, MoN: —1.05V, HfN: —~1.46V, and WN: —1.13V.
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15 4. Conclusions
. Atheoretical analysis of the possibility of nitrogen activation for
I electrochemical ammonia formation in an aqueous electrolyte at
5 ambient conditions was investigated on the (111) facets of the rock-
salt structure of ScN, TiN, VN, CrN, MnN, YN, ZrN, NbN, MoN, HfN,
TaN, WN, and ReN. Except ScN, YN, and TaN that were found more
0.5 selective for hydrogen evolution reaction, other (111) nitride sur-
faces were found more selective toward nitrogen electroreduction
reaction under electrochemical environment. VN, CrN and MnN
0 were found to have the lowest onset potential (from —0.8V to

VN CrN NbN MoN

Fig. 5. Calculated activation free energies (G,) of regenerating the catalyst by N»
dissociation for replenishment of the N-vacancy compared with activation free ener-
gies of vacancy migration into the bulk (migration of nitrogen atoms from the bulk
towards the surface).

is carried out for these four nitrides in section 3.3 where compe-
tition between catalyst decomposition and regeneration is taken
into account. Despite high stability of TiN, ZrN, and HfN against
poisoning, they are not that interesting with very negative onset
potentials of around —1.5V vs. SHE required for ammonia forma-
tion. Thus these last three nitrides are excluded from the stability
analysis of N-vacancy in the following section.

3.3. Regenerating active sites on the surfaces

As already explained, in a MvK mechanism, ammonia is formed
via reacting surface N atoms and forming N-vacancy on the surface
that must be replenished for the catalytic cycle to endure. However,
there exists the possibility that the N-vacancy migrates to the bulk
of the nitride (i.e. N atoms from the bulk migrate to the surface)
instead of being replenished with a nitrogen molecule from the
solution. If that is the case, the nitride will decompose to ammonia
and its parent metal and the catalytic cycle will cease. For a detailed
assessment whether active sites are regenerated on the surfaces,
the competition between migration of the N-vacancy from the sur-
face into the bulk and regeneration of the N-vacancy with N is
studied for the most interesting nitride candidates; VN, CrN, NbN
and MoN, see Fig. 5. If the vacancy is likely to replenish faster than it
migrates into the bulk, the catalyst is likely to be able to regenerate
and the catalytic cycle to endure. The free energy activation bar-
riers (G,) for both processes are calculated, where G, =E, for the
vacancy migration process, but G, =E, +0.6eV for the process of
replenishing the vacancy (catalyst regeneration). When molecular
nitrogen splits and binds to the vacancies, it looses 0.6 eV of entropy
at room temperature going from gas phase to the adsorbed state on
the surface. The entropy loss of molecular nitrogen is taken from
Ref. [29].

Whereas VN, CrN and MoN all showed relatively good activity
(Fig. 2) and low probability of being poisoned from the electrolyte
(except perhaps CrN which could get poisoned from adsorption of
protons, see Fig. 4), there are lower activation barriers found for
migration of the N vacancy into the bulk (first step of decompo-
sition) compared to regeneration of the N vacancy with nitrogen.
That implies that the rate of decomposition should be faster than
the rate of regeneration and accordingly these three nitrides should
decompose to ammonia and their parent metal under operating
conditions. NbN, however, seems very interesting in the sense
that it should regenerate itself and thus endure the catalytic cycle
of ammonia formation on its surface, since the activation barrier

—0.5V vs. SHE) among all the nitrides studied here but NbN, MoN
and WN have also relatively low onset potentials (around —1.1Vvs.
SHE). However, MnN and WN were found susceptible to poisoning
in electrochemical media, and MnN has also a very endothermic
reaction step to adsorb N, to the N-vacancies and those cannot be
regenerated. For the remaining nitrides, VN, CrN, NbN, and MoN,
kinetics were taken into account in order to conclude whether the
N vacancies created during the catalytic cycle will be regenerated
with N, molecules or will be unstable and migrate into the bulk
of the nitride. When calculating the free energy activation barri-
ers of both these processes, we show that only NbN is a promising
candidate that can be regenerated and endure the catalytic cycle of
nitrogen activation and ammonia formation under operating condi-
tions and the remaining candidates should decompose to ammonia
and their parent metals under operating conditions.
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Recent theoretical calculations with DFT suggest that transition metal nitrides (TMNs) are promising
materials to catalyze N, electroreduction to ammonia at ambient conditions. To realize which mechanism
is more favourable, we conduct DFT calculations to explore the catalytic activity of these materials in
their most stable structures via conventional associative (AM) and dissociative (DM) mechanisms, and
then compare the corresponding results with that of Mars-van Krevelen (MvK) mechanism we recently
reported. The dissociation of N on the clean surfaces is endothermic on most of these nitrides and the
activation barriers large in all cases, which is inhibitive of a DM on these materials. The onset potential
predicted for ammonia formation on these TMNs is always less negative via MvK than with AM, except a
few cases, where both mechanisms have similar onset potentials. In those cases, the AM is less favourable
than MvK since the adsorption of N, molecule is endothermic. Therefore, the MvK is almost always
the favourable mechanism. We used the computational hydrogen electrode method and neglected any
proton-electron transfer reaction barriers in this work but including those will be necessary to make a

more definitive statement, which is the subject of future work.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

The use of ammonia as an energy carrier and specially fertil-
izer has triggered numerous interests in developing alternative
routes in pursuit of a more decentralized and environmentally
friendly approach for ammonia synthesis. Without ammonia and
thus deprived of inorganic fertilizer, almost half the worldis popu-
lation would be at risk of starvation [1]. Human survival has thus
been depending a great deal on the Haber-Bosch process [2], which
is the most pivotal industrial installation for catalytic cleavage of
N3 and hydrogenating nitrogen to ammonia heterogeneously over
promoted transition metal-based catalysts. Although Ru and Fe
within the Haber-Bosch process show good activity for this catalytic
conversion, the harsh operational conditions and sophisticated
industrial setup of the Haber-Bosch process are all prohibitive to
decentralization of ammonia synthesis. This complicates ammonia
production in regions with relatively undeveloped infrastructure
such as developing countries. Besides, the reliance of this process
on natural gases for supplying its necessary hydrogen feedstock
not only promotes severe CO, emission to the environment but it

* Corresponding author.
E-mail address: egillsk@hi.is (E. Skdlason).

http://dx.doi.org/10.1016fj.cattod.2016.11.047
0920-5861/© 2016 Elsevier B.V. All rights reserved.

also makes the production of ammonia and accordingly food sus-
ceptible to natural gas price fluctuations and political conflicts in
the oil-rich regions. Most importantly, a sustainable process needs
to be developed for ammonia production to maintain food supply
since at some point natural gas will be depleted.

A few reviews recently appeared in the literature that gather
several potential routes for ammonia production [3-5]. In the last
few decades, numerous efforts have been made towards manmade
ammonia synthesis using photocatalytic [6] and electrochemical
[7-12] methods. However, for many of these, it was difficult to
regenerate the active nitrogen-fixing complex and only low cur-
rent efficiencies of 0.1-8% at ambient conditions were obtained.
To reach higher yields of ammonia, solid-state proton conductors
have been investigated, and that contributed up to 78% conversion
of cathodic supplied nitrogen to ammonia [13,14]. A recent study
investigated cathodic synthesis of ammonia in a proton conduct-
ing double-chamber solid electrolyte cell where a ceramic proton
conductor composed of BaZrg7Cep Y1029 (BZCY72) was used as
electrolyte [15]. The catalyst used as the cathode was a Ni-BZCY72
cermet and a Pt film served as the anodic electrode. The highest pro-
duction rate achieved was 0.5 x 10~ mols~' cm~2, but at —2.4V
and 620°C. Very recently, Qing and co-authors reported anodic
ammonia formation rate of around 2.0 x 10~ mols~'em~2 at
+1.2Vand 220°C[16]. They synthesized ammonia directly from N,
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and steam using a composite electrolyte based on CsHs(PO4),/SiO2
and Pt/C-loaded carbon paper as both cathode and anode, but the
current efficiency was only around 2%. Ionic liquids or molten salts
were also found capable of promoting ammonia formation from
low efficiencies to sometimes up to 72% but at relatively high
temperatures [17-19]. Although low-pressure ammonia synthesis
had been achieved, the aforementioned studies yet suffer from the
necessity of relatively high temperatures, which leads to increased
risk of product decomposition. The use of complex and expensive
electrolytes is another downside that hinders commercialization.

There are also studies that investigated low-temperature
ammonia synthesis at ambient pressure with the use of polymer
electrolyte membranes (PEM) where the ammonia production can
be separated from hydrogen feed gas and thus higher ammonia for-
mation yields is achieved. The highest rate of ammonia formation
reported in this fashion is 1.13 x 108 mol s~! cm~2 with a current
efficiency of ~90% obtained at 80°C where SmFeq7Cug3.xNixO3
(x=0-0.3) was used as the cathode and wet hydrogen as a feed
gas [20]. Replacing the H, feed gas with water, Kordali and co-
authors synthesized ammonia electro catalytically from N, and
H,0 at room temperature using Ru cathode in a solid poly-
mer electrolyte cell [21]. Only a low rate of ammonia formation
(3.4 x 10-12mols~! cm~2) with a low efficiency of around 0.28%
was achieved at arelatively high potential (~ —1.3 V vs. SHE) mainly
due to competing hydrogen evolution reaction (HER) at the cath-
ode. Using directly air and water as feed gases, the highest rate of
ammonia synthesis reported thus far is 1.14 x 10~ mols~! cm~2,
achieved using a mixed NH;*/H* Nafion membrane [22]. How-
ever, again a low efficiency of around 1% is observed at a relatively
high overpotential of —1.6V. What is obvious here is that while
solid-state electrolytes or PEMs offer promise as an electrochemi-
cal route to ammonia synthesis, they are still in the early stage of
development when compared with production rates nearing that
of commercial viability (4.3-8.7 x 10-7 mol s~ cm~2) [23].

The above examples clearly indicate that (electro-) catalytic
ammonia synthesis is a particularly feasible method due to the
potential of utilizing renewable energy sources and mild operating
conditions. But finding (electro-) catalysts that are selective enough
towards nitrogen electroreduction reaction (NER) and have a low
overpotential is challenging. First-principle calculations have been
used to provide more insight about the mechanisms of the reaction
and to explore new class of materials with higher activity and selec-
tivity towards NER. Using DFT calculations, a few pure transition
metals [24] and transition metal nano-clusters [25] were reported
capable of ammonia formation. But for majority of the pure tran-
sition metals usually large overpotentials are needed to activate
nitrogen to ammonia as well as the surfaces of these materials are
covered with H adatoms [24]. Thus, there is lack of available sites
for adsorption of nitrogen, which inhibits reduction to ammonia.
That mainly causes hydrogen evolution reaction (HER) on most of
these surfaces instead of ammonia formation. On the early transi-
tion metals, however, it is more likely to cover the surface with
nitrogen than hydrogen, but those metals are known to readily
form oxides and it remains to be seen if they can be used for Ny
activation. Conversely, transition metal nano-clusters were found
capable of enhancing the ammonia activity compared to HER. How-
ever, the presence of water in the electrochemical environment
will reduce the efficiency of these catalysts by blocking its active
site due to preferential adsorption of oxygen rather than nitro-
gen [26]. A DFT study on cobalt molybdenum nitride enlightens
that nitrogen vacancies can contribute to weakening of the strong
triple bond of N, molecule and thus activate it to ammonia via a
Mars-van Krevelen [27] (MvK) mechanism at low temperatures.
There, a molybdenum triangular cluster can be a possible activa-
tion site for nitrogen along with the surface cavity where N is
activated by the inner tetrahedral atom of a cobalt cluster [28,29].

Recently, transition metal nitrides (TMNs) were found promising
for ammonia formation electrochemically [30-33] and chemically
[28,34] via a MvK mechanism and also as redox materials for solar-
driven ammonia synthesis [34,35]. The possibility of experimental
growth of the thin films of these transition metal nitrides was
already shown by i.e. cathodic arc techniques [36], sputter deposi-
tion [37], plasma sputter-type negative ion source [38], and HiPIMS
techniques [39]. Theoretical investigations show that earlier TMNs
are more stable in the (100) facets of the rocksalt (RS) structure
[31]. These are ScN, TiN, VN, CrN, MnN, YN, ZrN, NbN, MoN, HfN,
TaN, among which the nitrides of Sc, Ti, Y, Hf, and Ta were found
more selective toward HER rather than NER. On the other hand, the
later TMNs are more stable in the (110) facets of the zincblende
(ZB) structures [31]. These are FeN, CoN, NiN, RuN, RhN, PdN, OsN,
and IrN. The surfaces of WN, ReN, PtN, CuN, AgN, and AuN showed
significant distortion of the surface atoms during relaxation and
thus were considered unstable and eliminated from further analy-
sis in this study. In this paper we also include results of the most
promising TMNs (ZrN, NbN, CrN and VN) in their ZB(110) structure.

The purpose of the current work is to determine the most prob-
able reaction mechanism, from the overpotential perspective, for
nitrogen activation to ammonia at ambient conditions when TMN
surfaces are used to catalyze NER. Thus, we consider the most sta-
ble structures and texture orientations of these materials, the (100)
facets of the RS as well as the (110) facets of the ZB and exclude those
found to be more selective for HER. The NER on these materials
could proceed through either one or a combination of the following
mechanisms: the MvK mechanism that we already investigated and
reported before [31,32], the conventional AM and DM. To compare
these two latter mechanisms with the MvK mechanism (where a
surface N-atom is reduced to ammonia and the N-vacancy created
during the process needs to be regenerated later by N, molecule
from the solution), we consider conventional AM and DM as pro-
cesses taking place on the clean surfaces without using a N-atom
in the first layer of the surface. We calculate the free energy of the
intermediates along the reaction path and construct free energy
diagrams (FEDs) to estimate the overpotentials required to form
ammonia. In the end, we compare the activity of these TMNs for
ammonia formation obtained via these conventional AM and DM
with that reported via MvK mechanism. By doing this analysis, we
can predict which pathway represents higher likelihood of ammo-
nia formation on the surfaces of these TMNs at ambient conditions.

2. Methodology
2.1. DFT calculations

DFT with the RPBE [40] exchange correlation functional was
used to carry out all the calculations. A plane wave basis set with
an energy cutoff of 350eV was utilized to represent the valence
electrons with a PAW [41] representation of the core electrons
as implemented in the VASP code [42,43]. The self-consistent
electron density was determined by the use of iterative diagonal-
ization of the Kohn-Sham Hamiltonian, with the occupation of the
Kohn-Sham states being smeared according to a Fermi-Dirac dis-
tribution with a smearing parameter of kBT=0.1eV. A 4x4 x 1
Monkhorst-Pack K-point sampling was used for all the surfaces.
We modeled a five-layer nitride slab with four metal atoms and
four nitrogen atoms in each layer. The bottom two layers were
frozen and the uppermost layers as well as the adsorbed species
were allowed to relax. To test convergence with respect to system
size, we have carried out some test calculations for i) larger slabs in
x and y directions to mimic lower concentration of defects, and ii)
increased the number of layers in the slab. Fig. S1 in the supplemen-
tary information compares the energy difference of the N-vacancy
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being in the first layer to that being in the second layer, third layer
and in the middle of the slab (representing the vacancy being in the
bulk) when using 5, 7, 9 or 11 layers in the slab. The energy of the
defect in the second layer was found similar to that of the third layer
or in the bulk and there is a minor effect of increasing the number
of layers from five as used in the remaining of the study. This also
shows that calculating the diffusion of the N-vacancy migrating
from the surface to the second layer is the key step to determine if
the TMN will decompose into the parent metal and ammonia. Fig.
S2 shows that the vacancy energy is converged (within 0.1eV) in
the smaller cell (40 atoms in total with 4 metal atoms and 4 nitro-
gen atoms in a layer and 5 layers in all cases) compared with the
big cell (160 atoms in total with 16 metal atoms and 16 nitrogen
atoms in a layer and 5 layers in all cases). We conclude that a 40-
atom slab is a good approximation for the nitrides and we use that
in the remainder of the study. Boundary conditions were periodic
in the x and y directions and surfaces were separated by 12 A° of
vacuum in the z direction. The structural optimization was con-
sidered converged when the forces on all moveable atoms were
below 0.01eV/A® in any direction. Activation energies are calcu-
lated as the highest point along the minimum energy path (MEP)
calculated using the climbing image nudged elastic band method
(CI-NEB) [44]. The (100) facets of the RS structure of the earlier
TMNs that make ammonia rather than H,, and the (110) facets of
the ZB structure of later TMNs are chosen for the catalytic inves-
tigations via the AM and DM. The RPBE lattice constants for these
structures are taken from reference [45].

2.2. Reaction pathways and electrochemical modeling

The cathode reaction of the electrochemical process is:
N2 +6(H* +e7) = 2NH3 (1)
The source of protons is taken to be the anode reaction [46]:
Hy= 2(H" +e7) 2)

We firstly consider the possibility that the reaction follows via
an AM, where the N, molecule is adsorbed on the clean surface of
TMNs and then its successive hydrogenation by protons results in
ammonia formation, as shown in Egs. (3)-(11) and Fig. 1 (left):

Ny +# = #Ny (3)
#«Ny +6(H" +e7) = «NoH + 5(H" +e”) (4)
#NoH + 5(H +e7) = «NNH; +4(H" +e™) (5)
«NNH, +4(H* +e~) = «NNH3 + 3(H* +e") (6)
+NNH3 +3(H" +e7) = *N + NH3 +3(H" +e") 7)
#N + 3(H" +e7) = «NH + 2(H* +e7) (8)
*NH + 2(H* +e7) = «NHy+(H" +e7) 9)
#NHz +(H* +e7) = #NH3 (10)
#NH3 = % + NH3 (11)

Where an asterisk (*) denotes an available site on the surface.
We have also considered adsorption of “NNH as the first step in the
reaction instead of *Ny, and its possibility will be discussed further
down in the Result Section. It is noteworthy to mention here that
the possibility of formation of *NHNH was also investigated in Eq.
(5), but it was found that “NNH; formation was around 0.5 eV more
favourable compared to *“NHNH formation. Similar study on pure
metals by Skulason et al. also showed that *NNH, formation is more
favourable than *NHNH [24]. Secondly, we explore the possibility of
aDM on the clean surface of the TMNs where the nitrogen molecule
first splits on the surface according to Eq. (12) and Fig. 1 (right), and

Table 1
Zero point energy and entropy contributions to the free energy of gas phase and
adsorbed species at 300K for the (100) facets of the RS and the (110) facets of the
ZB structures of TMNs.? It was assumed that these properties are only structure-
and not TMN: Thus, these were carried out on
the (100) surface of VN in its RS structure and the values used for all the other RS
(100) TMNs. For the (110) facets of the ZB structure of TMNs, these calculations were
conducted on the surface of OsN.

Rocksalt (100) TS ZPE Zincblende (110) TS ZPE
NH; 074 089  NH; 074 089
H 041 027 H, 041 027
N2 06 0.15 N2 06 015
N 005 009 N 005 009
N 017 020 N, 014 021
NNH 018 045 “NNH 015 049
*NNH, 022 080  °NNH; 013 082
“NNH; 019 112 “NNH; 014 083
*NH 006 034  °NH 008 035
“NH, 007 069  “NH; 010 068
“NH; 018 099  °NH; 013 092

2 The values for gas phase molecules are taken from Ref. [52], and the values
for the adsorbed species are obtained from DFT calculations of vibrational normal
modes.

then subsequently hydrogenated by direct attachment of protons
from the solution as shown in Egs. (8)-(11).

#Ny = #N + +N (12)

It was recently shown that H-assisted dissociation of diatomic
molecules e.g. CO,NO and O, may lower the dissociation barrier and
become in favor of the reaction [47]. This has also been explored
for the industrial Haber-Bosch process where H-assisted dissocia-
tion of N, was taken into account by our group [48]. Therefore in
addition to direct DM, we also consider the possibility of a mixed
AM-DM where hydrogenation of di-nitrogen can take place to form
*NNH (Egs. (13) and (14)) or *NNH, (Egs. (15) and (16)) prior to
dissociation to *N +*NH and *N + *NHj, respectively.

#Np +6(H* +e7) = «NpH + 5(H +e”) (13)

#NoH + 5(H* +e7) = =N + «NH + 5(H* +e") (14)
or

«NoH + 5(H* +e7) = «NNH; +4(H" +e”) (15)

«NNH; +4(H* +e~) = #N + «NH, +4(H" +e7) (16)

For DM and before going through the entire hydrogenation step
after dissociation, we analyze the likelihood of dissociation of nitro-
gen molecule on the surface via NEB calculations. If this initial step
is energetically feasible at ambient conditions, then it is worth con-
sidering hydrogenation steps for nitrogen reduction and ammonia
formation. DFT calculations were used to calculate the minimum
energy configuration of each species on the surface and adsorption
energies of all intermediates. It is assumed that activation barriers
between stable minima can be neglected during the electrochem-
ical reactions [49]. The free energy at T=300K of each elementary
step is estimated at pH =0 according to:

AG = AE + AEzpg —~TAS a7

AE is the reaction energy calculated with DFT. The zero-point
energy correction (AEzpg) and entropy differences (AS) are calcu-
lated within a harmonic approximation and the values of these are
given in Table 1. To implicitly account for the bias and estimate
the onset potential, the effect of an applied bias, U, is included for
all electrochemical reaction steps by shifting the free energy for
reactions involving n electrons by —neU: [46]

AG = AE + AEzpg —TAS —neU (18)
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Fig. 1. The metal nitride unit cell and top-tilted views of one of the low index surfaces used in this study (rocksalt (100)), associative (left) and dissociative (right) mechanisms.
The surface unit cells have been repeated once in the lateral directions. Metal atoms are represented by grey spheres and nitrogen atoms by dark blue. Hydrogen atoms are

shown in white.

The potential-determining step (PDS) is assumed to be a mea-
sure of the catalytic activity towards NH3 formation on each nitride.
It is identified as the elementary reaction step with the largest
increase in free energy, AG. For that reaction step to become ther-
moneutral or downhill in free energy, an applied potential of at
least U= —AG can be applied to get an estimate of the onset poten-
tial of the overall reaction [24,46]. Other reaction steps may be
rate limiting, such as non-electrochemical steps (e.g. N, adsorp-
tion or NH3 desorption) where the applied potential does not have
an effect (see Fig. S3). The thermodynamics are considered for both
steps as well as kinetic effect for the N, N-NH and N—NH, dis-
sociation of the N—N bond. However, energy barriers of all the
proton-electron transfer electrochemical steps are not considered
here but may be important to determine the rate-determining
step (RDS), as we have observed recently for CO; electroreduction
[50,51]. Calculating the proton-electron transfer steps are com-
putational demanding and may be important to predict the right
mechanism for N; electroreduction to ammonia, and will be a focus
of our future studies. However, using this simple gas-phase model
is our first step in order to gain insight into the possible mechanism
for this reaction.

3. Results and discussion
3.1. Catalytic activity via associative mechanism

We studied the possibility of catalyzing nitrogen activation to
ammonia via an AM as given in Egs. (3)-(11) on the clean surface of
the TMNs. With the use of DFT, the free energy of each elementary
step was calculated. Figs. 2 and 3 show the FEDs of the TMNs in
RS and ZB structures, respectively. The candidates are divided into
two groups for clarity, those with AGppgs below 1.5 eV and the ones
with AGpps above 1.5eV. As can be seen from Figs. 2 and 3, it is
always uphill in free energy to adsorb N; on the surface and form
N;_admolecule for all TMNs, but in most cases thisis less than 0.5 eV
and should be possible at room temperature. For most of the (100)
surfaces of TMNS, first protonation step and formation of *NNH is
the PDS. However, for VN and NbN the third protonation step where
the first ammonia forms is the PDS. It is also seen that for some
of these candidates, desorption of the second ammonia from the
surface becomes slightly uphill in free energy. As mentioned ear-
lier, the applied potential does not affect the non-electrochemical
steps such as adsorption of N, and desorption of NHs (see Fig. S3
in ESI). But in reality, in acidic solution, the adsorbed NH3 is likely
to get further protonated to NH4+ and then released into the solu-
tion, thereby avoiding this increase in free energy. All of these six

candidates show activity for electrochemical ammonia formation,
among which MoN seems promising with AGpps =0.83 eV.

The FEDs for nitrogen activation to ammonia on the (110) sur-
face of the ZB structure of TMNs are shown in Fig. 3. On the surface
of PdN and NiN, no stable adsorption site was found for adsorption
of di-nitrogen, and thus no data is shown for them in the corre-
sponding figures. For CoN, RhN, and IrN this step even becomes the
rate-determining step (RDS) of the reaction with largest increase
in free energy. That will slow down the reaction at ambient con-
ditions and for those three nitrides it will hinder the reaction to
occur at ambient conditions. For ZrN, the PDS is the *NH; formation
after releasing the first ammonia, while for others, *NNH forma-
tion on the surface is the PDS. For NbN, desorption of the second
ammonia molecule is the PDS. Among these nitrides, OsN and CrN
seem promising with AGpps =0.98 and 0.68 eV, respectively. Thus,
it might be possible to form ammonia on these surfaces by applying
abias of less negative than —1.0V vs. SHE. But still the endothermic
adsorption of N, on the clean surface might slow down the overall
reaction. When we consider *NNH formation as the first step in the
reaction instead of *N,, the PDS becomes larger in free energy in
most cases compared to when *N, is the first step. The only excep-
tion is the ZB(110) of ZrN where adsorption of NNH becomes so
exothermic that both AM and MvK mechanisms might be active
and possible on this specific surface.

3.2. Catalytic activity via dissociative mechanism

To investigate the possibility of di-nitrogen dissociation on the
clean surface of TMNs, the binding energy of adsorption of two
nitrogen atoms was calculated on the surface according to:

AE = Egjean+2+N — Eclean — Ena(g) (19)

where Egjeans2n is the total energy of the TMN with two N
adatoms adsorbed on the surface, Eje,y, is the total energy of the
TMN surface without any adsorbate, and Eyy(g) is the total energy
of nitrogen molecule in a box. AE is, thus, the binding energy of
two N adatoms on the clean surface of TMN. The free energy of
adsorption of two N adatoms on the surface was obtained with
a constant shift of 0.6eV to account for the loss of entropy of
Nyg) [53], (AG=AE+0.6). If this free energy is <0eV, it should be
exothermic to split nitrogen molecule on the surface. Otherwise, it
is endothermic and as it gets more uphill in free energy, it becomes
thermodynamically more difficult at ambient conditions. This anal-
ysis was done for all the RS and ZB structures of TMNs. For most of
these surfaces, it was found that nitrogen dissociation on the sur-
face is endothermic, as presented in Table 2. At these endothermic
conditions, nitrogen dissociation should not be feasible at ambi-
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Fig. 2. Free energy diagrams constructed based on the associative mechanism on the (100) facets of the rocksalt structures of earlier transition metal nitrides. The free energy
of each intermediate is calculated at room temperature, pH=0 and an applied potential of 0.0V vs. the standard hydrogen electrode. The onset potentials for each nitride

are indicated in the legend. The potential determining step (PDS) is the first protonation

of *N; to *NNH for all candidates except for VN and NbN for which the formation of

“NNH is the potential determining step. The inset is a top view of the (100) facets of the rocksalt structure of VN where the surface unit cell is repeated once in the lateral

directions.

Table 2

Activation energy (Ea, in eV) and reaction free energy (AG, in eV) of N, dissociation
on the clean surfaces of the (100) facets of the RS and the (110) facets of the ZB
structures of TMNs. For almost all nitrides, it is endothermic to bind 2°N on the
surface. In addition, the activation barrier for splitting of di-nitrogen on the surface
is large for the studied candidates. This endothermicity and the large activation
barrier make the DM unlikely to occur at ambient conditions. On the surface of PAN,
no stable adsorption sites were found for 2*N and as so marked as "unstable” in the
table. Due to endothermic nature of adsorption of 2°N on the surface, we have done
activation barrier analyses only for MoN (that has the lowest endothermicity) and
the promising nitrides reported before [31,32] and this computationally expensive
calculations have not been done for the rest. They are marked with "-".

RS(100)  AGyy(eV) — Ea(eV)  ZB(110)  AGyn(eV)  Ea(eV)
VN 297 3.09 FeN 461 -
N 278 314 CoN 6.74 -
MnN 429 - NiN 254 -
ZN 067 235 RuN 455 -
NBN 248 264 RhN 7.7 -
MoN 03 220 PdN unstable -
OsN 3.17 -
IN 5.63 -

ent conditions. However, this step is less endothermic on MoN
(0.3 eV). Thus, NEB calculations were conducted on this surface to
obtain the activation barriers of nitrogen dissociation. The (100)
facets of the RS structure of VN, CrN, ZrN, and NbN were previously
reported promising for ammonia formation via MvK mechanism
[31,32]. Therefore, the activation barriers of nitrogen dissociation
on the clean surface of these promising nitrides were also calcu-
lated despite the endothermic nature of this reaction on their clean
surface, and those barriers are also presented in Table 2. In all of

these cases, large activation barriers of above 2 eV were found for
nitrogen dissociation, which should make it unlikely to occur at
ambient conditions. These findings are in line with the work of
Howalt et al. on MoN nanoclusters where nitrogen dissociation
was found unlikely at ambient conditions due to high activation
barriers of 1.8 eV at both nitrogen vacancies on a nitrogen covered
molybdenum particle and at a clean molybdenum particle [54].
Another possibility for di-nitrogen dissociation might be via a
so-called mixed AM-DM where di-nitrogen is firstly hydrogenated
to form *NNH or *NNH; (via AM) and then dissociation takes place
on the surface (via DM). The results of this mixed mechanism on
dissociation of di-nitrogen on the surface of the nitrides contradicts
with what Iglesia and co-workers reported recently on Ru(0001).
They showed that H-assisted N; activation — unlike the case of
03, CO and NO - is not significantly more facile than direct Ny
dissociation [47]. But when we considered this pathway on the sur-
face of the most promising nitrides (the (100) facets of the rocksalt
structure of VN, NbN, ZrN, and CrN), it was found that dissociation
barriers drop going from direct splitting of N to H-assisted splitting
(see Fig. 4). This is interesting and shows how initial hydrogenation
of *N; can facilitate its dissociation from kinetic perspective. There-
fore, it seems like the most promising reaction mechanism would
be hydrogenation to NNH; and then N—N dissociation, except for
CrN according to Fig. 4. But the downside is that to get to the level
where N, is protonated to NNH or NNH;, almost always demand
a more negative bias than —1.0V (see Figs. 2 and 3). While Nitro-
gen reduction to ammonia occurs at much smaller bias (-0.5V to
—0.8V) if reaction is considered going through the MvK mecha-
nism [30-33]. That means the MvK mechanism still outweighs this
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the (110) facets of the zincblende structures of later transition metal nitrides including

VN, NbN, CrN and ZrN. The free energy of each intermediate is calculated at room temperature, pH=0 and an applied potential of 0.0V vs. the standard hydrogen electrode.
The onset potentials for each nitride are indicated in the legend. The potential determining step is the first protonation step of N to *NNH for most of these candidates. For
ZN, however, the potential determining step is reduction of “NH to form *NHs. For NbN, the potential determining step is desorption of the second NH; molecule. This is

considered to be a non-electrochemical step here, but in reality an ammonium ion

(NHs*) would be formed at pH=0. For CoN, RhN, and IrN, the adsorption of the nitrogen

molecule to the surface is highly endothermic. The inset is a top view of the (110) facets of the zincblende structure OsN where the surface unit cell is repeated once in the

lateral directions.
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mixed mechanism. The ZB(110) of ZrN is the only case where *NNH
formation is exothermic and *NNH; formation not that uphillin free
energy. Thus, AM and accordingly mixed AM-DM might be feasi-
ble as well as the MvK for this nitride. However, smaller onset is

yet needed via MvK [13-15] for formation of 2NH3 in a catalytic
cycle when compared to other pathways shown in this work. So
in general AM, DM and mixed AM-DM are unlikely mechanisms
for ammonia formation on the surface of these TMNs at ambient
conditions when compared with the MvK from the onset poten-
tial perspective [13-15]. In the mixed AM-DM, the *NNH or *NNH;
formation needs to be facile via AM (achieved at relatively smaller
overpotential, AGpps), when compared to MvK) before DM become
favourable. Therefore, in the next session we only compare the
onset for ammonia formation via MvK with that of mixed AM-DM
and then conclude which one of these mechanisms might be more
favourable.

3.3. Comparison of mixed AM-DM and MvK mechanism

Up to now, we realized that nitrogen activation and electro-
chemical ammonia formation on the surface of these TMNs is
feasible via mixed AM-DM presented above as well as MvK mecha-
nism elaborated in detail elsewhere [31-33]. But to see which one is
more favourable from the overpotential perspective, we will com-
pare in this section the onset potential required for completion of
the catalytic cycle and formation of 2NH3 via these pathways. Fig. 5
illustrates a comparison between these two possible mechanisms
and describes which one might occur at lower onset potentials at
ambient conditions.

Fig. 5 shows that nitrogen activation to ammonia is always hav-
ing a less negative onset potential via MvK mechanism than via
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Fig. 5. Free energy change of the PDS of 2NH3 formation on both the RS and ZB structures of TMNs. The required onset potential via mixed AM-DM is compared with that of

MK (for which the data is taken from our previous works [31,32] where poisoning,

and via MvK were explained in detail). Those

TMNs that get poisoned in electrochemical environment when calculated via MvK are distinguished by the term ‘Poisoned’ inside the bars. Those TMNs that are decomposed
at operational conditions due to migration of the N-vacancy into the bulk are determined with **, and those TMN having difficulty to regenerate due to endothermicity of
the step corresponding to filling the N-vacancy with N; are characterized with *#. Finally, on the ZB TMNs, no stable adsorption site was found for adsorption of di-nitrogen
on PdN and NiN via mixed AM-DM, and thus no data is shown and the term “unstable” is inserted in the right figure.

mixed AM-DM on all the TMN surfaces. In the MvK mechanism
a surface N is reacted, leaving a surface vacancy at the surface
and for the catalytic cycle to complete, this vacancy must be filled
with Ny from the solution. However, there exists the possibility
of the vacancy rather being filled with H atoms or O atoms from
the aqueous electrolyte, both of which would block this surface
site for completion of the catalytic cycle and result in poisoning
of the catalyst (for detailed elaboration on poisoning see Refer-
ences [13-15]). There is also a possibility of catalyst decomposition
where N from bulk migrates to fill the surface vacancy and reduces
to ammonia. This will cause decomposition of the catalyst to its
parental metal (for detailed elaboration on catalyst decomposi-
tion see References [13-15]). This decomposition was assessed via
both thermodynamic (where the difference in total energy of the
vacancy being on the surface and in the subsurface layer was inves-
tigated) and kinetic (where activation energy barriers of vacancy
migration from the surface to the bulk was taken into account). If
the AM or mixed AM-DM studied in this work had not led to more
negative onset potentials than that of MvK, it would have been pos-
sible to avoid these latter issues (decomposition or poisoning) that
might occur for some of the nitrides when the reaction goes via
MvK mechanism, and then produce ammonia instead with AM or
mixed AM-DM at lower onset potentials. But this is not the case and
therefore we can conclude that the MvK mechanism is in general
the most favourable mechanism for nitrogen activation to ammonia
on the surface of these TMNs. The only exception might seem to be
the RS (100) facet of MoN for which the onset potential is equal via
both mechanisms and to some extend for ZB (110) facets of CrN, VN
and ZrN where the MvK mechanism has only a slightly lower onset
potential than the mixed AM-DM. When the catalytic investiga-
tions were previously carried out for MoN [31], it was reported that
the nitrogen vacancy created due to MvK approach might get poi-
soned in electrochemical environment. That could hinder vacancy
replenishment and accordingly cease the catalytic cycle of ammo-
nia formation. According to Fig. 5 here, the free energy of the PDS via
mixed AM-MD is found similar to that of MvK mechanism (0.83 eV).
But considering endothermic adsorption of di-nitrogen on the sur-
face via AM, still the reaction will most likely proceed via MvK
mechanism until the catalytic cycle stops due to poisoning. In the
case of VN(110), the nitride will decompose when the MvK mecha-
nism is pursued, and since that starts at a slightly less negative onset
potential than for the mixed AM-DM, it is not likely that ammonia
can be catalyzed through either mechanisms. However CrN(110)
and ZrN(110) seem to be able to produce ammonia via both mech-
anismes. It is still more likely for the reaction to proceed mainly via
MvK mechanism, as adsorbing N, on the clean surfaces of these

candidates for mixed AM-DM is slightly endothermic (from 0.1 —
0.5eV). Even for ZrN(110) with exothermic formation of *NNH, the
MvK leads to less negative onset potential for ammonia forma-
tion. Thus, MvK mechanism is a more likely reaction pathway for
nitrogen reduction to ammonia on the surface of these TMNs.

4. Conclusion

With the aid of DFT calculations, we investigated the onset
potential required for ammonia formation via the conventional
associative mechanism (AM) and dissociative mechanism (DM)
(and a combination of these two mechanisms, the so-called mixed
AM-DM) on the clean surface of the rocksalt and zincblende struc-
tures of transition metal nitrides and compared that with the
required onset potential via Mars-van Krevelen mechanism (MvK)
to determine which reaction mechanism will have lowest over-
potential at ambient conditions. We calculated the free energy of
all the stable intermediates along the reaction path. By construct-
ing the free energy diagrams for all the nitrides, we found the free
energy change of the potential-determining step. We also consid-
ered free energy of adsorption of two N adatoms on the surface and
calculated the activation energy of N, dissociation both directly
and H-assisted. The conclusion is that it might not be favourable
to reduce nitrogen to ammonia at ambient conditions via neither
DM and AM, nor mixed AM-DM. Due to the endothermic nature of
the adsorption of two N adatoms on the surface and large activation
barriers of N dissociation, DM is not active for ammonia formation.
Via AM, it is usually slightly endothermic to adsorb the N, molecule
on the clean surface of these nitrides. In addition, quite large bias
is usually required to hydrogenate *N; to *NNH in the formation
of ammonia via AM. Since the energy barriers to dissociate “NNH,
to *N and *NH; are low for the studied candidates, there is a pos-
sibility of a mixed AM-DM where *NNH; would firstly be obtained
via the AM and then the N—N bond of the *NNH, would dissoci-
ate and follow the DM thereafter. However, when we compare the
onset potentials of the mixed AM-DM with that of MvK mecha-
nism, we see that MvK mechanism will always result in a smaller
overpotential than the mixed AM-DM for all candidates studied
here. Therefore, MvK might always be the most favourable mech-
anism for nitrogen electroreduction to ammonia on these metal
mononitride catalysts. However, it should be noted that we have
not included any of the electrochemical proton-electron transfer
barriers in this study and thus the rates for these different mech-
anisms have not been estimated yet. In this study, we have used
thermodynamics to get an estimate of the onset potentials for these
different mechanisms.
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The highest rate of ammonia synthesis in aqueous solu-
tion that has been obtained experimentally thus far is
1.14*102mols~' cm~2, with Pt/C as catalyst [22]. There, a
low current efficiency of around 1% was obtained when a high
voltage of 1.6V was applied. While based on comprehensive DFT
investigations, the most promising nitride candidates shown in
Fig. 5 here (VN, NbN, CrN, or ZrN) are expected to reduce nitrogen
to ammonia via MvK at smaller overpotentials of around —0.5 to
—0.8 V. These findings are also interesting when compared to pure
transition metals where higher overpotentials of around —1.0 to
—1.5V were predicted to form ammonia for the most promising
candidates [9]. Similar to one of the most active catalysts for
the chemical process, the CosMo3N, where MvK mechanism was
explored to be the probable reaction mechanism, for the TMN
surfaces studied here, the MvK mechanism is expected to be the
most favourable mechanism as well. Although there is not yet any
experimental evidence available for electrochemical ammonia for-
mation using these nitride surfaces, these findings might be useful
for future research where the possibility of nitrogen activation will
be investigated on other surfaces of these active and interesting
materials.
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Abstract

Here we present comprehensive results of theoretical analyses conducted with density functional
theory on the (110) texture orientations of the zincblende structures of 23 transition metal
nitrides to explore new candidates for catalyzing N, electroreduction reaction (NER) at ambient
conditions. The catalytic activity of these surfaces is investigated by constructing the free energy
diagrams via Mars-van Krevelen mechanism. The stability of these materials against poisoning
in electrochemical media and decomposition to parental metals under operational conditions is
scrutinized. The catalyst regeneration rate is compared with the rate of decomposition in order to
explore the sustainability of the catalytic cycle. A relatively good correlation between the onset
potential for NER and the binding energy of adsorbed nitrogen on vacancy is obtained. RuN,
CrN, and WN are predicted to be stable and active for NER with low onset potentials (from
—0.23 V to —0.55 V vs. RHE) among all the nitrides studied here. NiN, RhN, PdN, IrN and PtN
were found unable to sustain the catalytic cycle of ammonia at ambient conditions. Instead, they

might be interesting as potential reactants for the ammonia reaction.
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1. Introduction

Ammonia has received numerous attention as green fuel and hydrogen source for mobile and
remote applications'?, as a potential indirect hydrogen storage and hydrogen carrier material>*,
and more importantly as fertilizer’ where 85% of produced ammonia belongs there. The
dominant route to the production of ammonia is the Haber—Bosch process in an industrial scale,
which involves the reaction of N, and H, on a transition metal-based catalyst under high energy
consumption conditions.® Nitrogen is obtained from air, while hydrogen is taken mostly from
steam reforming of natural gas in Europe (42 plants spread over 17 countries), but from coal in
China, and from a mix of natural gas and naphtha in India.” Following hundred years of
improvement, catalytic synthesis of ammonia has made remarkable progress. After discovery of
iron catalyst for ammonia production in 1905, cobalt-containing catalyst became an important
development for Fe;O4-based iron catalyst patented by the British company Imperial Chemical
Industries. The amount of cobalt gradually decreased and CeO, was added instead in the cobalt-
containing catalyst to increase the activity. In 1970s, Ozaki et al.® reported high activity for
ammonia synthesis when they used Ru as an active component, potassium as a metal promoter,
and carbon as a catalyst carrier. In 1992, a new ammonia synthesis process called KAAP
(Kellogg Advanced Ammonia Process) was developed that was loading ruthenium carbonyl
compounds on graphite carbon carriers to make Ru/C catalysts with around 20 times greater
catalytic activity than that of traditional ammonia catalysts and at milder operating conditions.’
Despite high activity of Ru/C catalysts, the loss of active carbon carrier was found due to the
methanation of carbon material of the carriers under ammonia synthesis conditions, and that led
to shortening the catalyst life and caused major weakness of the ruthenium catalysts in addition
to its scarcity and high expense. So far, the latest improvement in the study of ammonia
synthesis catalyst is the discovery of cobalt-molybdenum nitride (CosMosN) catalyst.'** Along

these improvments in catalyst itself, advancements in technology and engineering also played an
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amportant role in development of ammonia synthesis. For example, the daily ammonia
production has been increased from the initial 5 tones to the current 3000 tones in modern plants,
the reaction pressure has dropped to around 150 atm from the original 986 atm, and the energy
consumption has decreased to 28-30 GJ.t' from the initial 78-80 GJ.t'."*"'7 But ammonia
production still consumes 2% of total energy supply in the world and releases around 2.2 tones
of CO, per tone of ammonia.'” Still over 90% of this energy that is spent for hydrogen
production during ammonia synthesis is provided by fossil fuels, which leads to increased
production of various greenhouse gases. Therefore, development of a new process for green and
decentralized ammonia synthesis in much milder operating conditions is desired.

Electrocatalytic ammonia synthesis is a particularly attractive alternative method due to the
potential of utilizing renewable energy sources and generating new possibilities towards low-
temperature and low-pressure ammonia synthesis with low carbon footprint."*?" In this
approach, instead of a separate H,(g) production process, the protons could come from a proton-
donor containing solution while the electrons would be driven to the electrode surface by an

applied electric potential. Numerous efforts have been made towards electrochemical synthesis

21-24 25-27

of ammonia using solid-state electrolytes , ionic liquids or molten salts , and polymer
electrolyte membranes (PEMs).**" The first two categories are usually used in higher
temperature conditions (100 °C < T < 500 °C), but the last one is utilized for milder conditions
(T < 100 °C). In the solid-state ammonia synthesis category, Amar et al. recently examined two
different cathode catalysts, FesMosN *' and CosMosN *? under pure nitrogen, with wet hydrogen
on the side of the anode. The latter nitride was reported better for which a maximum rate of 3.27
x 107 mol.s’.cm™ was obtained at 0.8 V vs. the counter electrode and at 450 °C in
(Li/Na/K),COj electrolyte that was combined with LiAlO,. But the faradaic efficiency (FE) was

very low (~3%). In the category of molten salts, Licht et al. utilized a suspension of iron-oxide

nanoparticles in the electrolyte ((molten hydroxide, (NaOH-KOH)) for ammonia synthesis from
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air and steam between two Ni electrodes. 2’ The rate of ammonia generated by this system was
2.4 x 10” mol.s™.cm™, which reached the FE of 35% under 1.23 V at ambient pressure. Despite
an appreciable rate and FE, relatively high temperatures of around 200 °C were used. For the last
category (PEMs), the first observation of low-temperature ammonia synthesis from water and
nitrogen was reported on a Ru catalyst in an alkaline solution using a Nafion membrane.** Due to
the competing hydrogen evolution reaction (HER) at the cathode, only a low rate of 3.4 x 1072
mol.s”.cm™ with a low FE of ~0.28% was achieved at a relatively high potential (-1.3 V vs.
SHE) at temperatures below 100 °C. However, the highest rate of ammonia synthesis that has
been obtained thus far using air and water as feed gases is 1.14 x 10 mol.s™.cm™, achieved
using a mixed NH,/H' Nafion membrane.*® A low FE (~1%) was observed at a relatively high
overpotential of -1.6 V.

The above examples indicate that finding active materials that have a low overpotential with
enough selectivity towards nitrogen electroreduction reaction (NER) at ambient conditions is
challenging in order to reach production rates nearing that of commercial viability (4.3-8.7 x 10
7" mol.s’.cm?) with FE’s exceeding 50%.'® First-principle calculations have been employed to
provide more insight about the mechanisms of the reaction and to explore new class of materials
with higher activity and selectivity towards NER. According to density functional theory (DFT)
calculations conducted on a range of pure transition metals, the surface of early transition metals
of Sc, Y, Ti, and Zr should bind N-adatoms more strongly than H-adatoms at the operating
potentials of around -1.0 to -1.5 V vs. SHE and therefore they should favour NH;3 formation over
H, evolution.** It was also shown that the surface of Fe, Rh, and Ru are mainly covered with H-
adatoms under operating conditions. This inhibits nitrogen reduction to ammonia due to lack of
available sites for adsorption of nitrogen, which leads to a high rate of HER. These findings
might also explain the reason for the generally poor rates of ammonia production compared to

hydrogen evolution in much of the existing literature. Conversely, transition metal nano-clusters
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as well as MoN nano-clusters were found capable of enhancing the ammonia activity over
HER.** However, the presence of water in the electrochemical environment can reduce the
efficiency of these catalysts by blocking its active site due to preferential adsorption of oxygen
rather than nitrogen.’’ In the last couple of examples, the studied mechanisms for
electrochemical ammonia synthesis was associative and dissociative mechanisms where there are
always issues with endothermic adsorption of N, molecule on the surface (in the associative
mechanism) or high activation barriers for N, dissociation (in the dissociative mechanism).
However, there exist the possibility of another active mechanism, specifically on the surface of
metal nitride materials, where a surface N atom is reduced to NH3 leaving N-vacancies behind
and then the catalyst is regenerated with solvated N, in the electrolyte. This is the Mars-van
Krevelen mechanism (MvK).*® We have recently investigated the feasibility of this mechanism
on some of the crystallographic structures of TMNs for electrochemical ammonia formation at
ambient conditions.***! It was found that the (100) facets of the NaCl-type structures of VN,
CrN, ZrN, and NbN are predicted to be stable and active catalyst materials for the NER at
ambient conditions via a MvK. Similar difficulties mentioned above regarding the applicability
of conventional associative and dissociative mechanisms on transition metal nano-clusters were
recently shown on the surface of transition metal nitrides (TMNs) where the MvK was predicted
to be the most favorable reaction mechanism offering an easier path and smaller onset potentials
for ammonia formation.*? Indeed, recent DFT analyses indicate that participation of N-vacancies
(in large concentrations of ~10'"* cm™) play an important role for ammonia formation on the
surface of CosMo3N.* Also importance of these type of defects was reported in two-step solar-
energy driven ammonia formation on metal nitrides.**** Moreover, possible reaction sites on
Co3MosN for adsorption and activation of the reactants of ammonia synthesis were identified via

MvK with heterogeneity due to surface nitrogen vacancies.*® Experimental evidences of the
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operation of the MvK mechanism and its influence on enhanced electrocatalytic activity are also
reported for example for CO oxidation*’, oxygen evolution reaction*, and methanol oxidation®.

In this study, DFT calculations are used to screen for a stable and active material amongst a
range of zincblende (ZB) TMN (110) surfaces for catalyzing electrochemical nitrogen reduction
to ammonia at ambient conditions. Therefore, catalytic activity of 23 nitrides (ScN, TiN, VN,
CrN, FeN, CoN, NiN, YN, ZrN, NbN, MoN, RuN, RhN, PdN, AgN, HfN, TaN, WN, ReN, OsN,
IrN, PtN, and AuN) is investigated for reducing N> to NH3 via MvK mechanism. In synthesizing
the nitrides, a multifaceted structure is more probable to grow rather than a single-crystal
surface.”>” Therefore, different texture orientations or facets might be available on the surface
with different reactivity towards the reaction. This knowledge about the stability and reactivity
of different facets will help better engineering of the catalyst surface and experimental
parameters, and thus a better performance in real applications. The generally accepted trends for
TMNs is that early TMNs are most stable in rocksalt structure while the later TMNs are usually
most stable in zincblende.™®* Regarding facet stability, experimental studies with XRD
techniques show that usually several texture orientations and surface planes are detectable in
manufactured surfaces of these nitrides where (100), (111), and (110) orientations are among the

3233365761 Therefore as we have already

most prevalent orientations in the crystal structures.
investigated the stability and catalytic activity of other surface planes and structures, in this study
we only focus on the (110) facets of the zincblende structures. Here, only the mononitrides are
investigated and the analyses of other stoichiometry of these nitrides will be the subject of our
future work. To investigate the activity, the thermodynamics of the cathode reaction is explored
by constructing free energy diagrams (FEDs) for the electrochemical hydrogenation of surface of
these mononitride structures. The lowest onset potential required to produce ammonia is

estimated for each nitride. Stability of the active sites in electrochemical environment and

poisoning of the catalyst under an applied bias are also considered. The likelihood of catalyst
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regeneration over decomposition is also taken into account for the most interesting candidates. In
addition, the competing hydrogen evolution reaction (HER) on all these nitride surfaces is
explicitly investigated within our mechanistic model and the TMN with higher selectivity

towards HER were eliminated from the rest of study.

2. Methodology

2.1. Computations

The electronic structure calculations are conducted with density functional theory (DFT) using
the RPBE exchange-correlation functional.® A plane wave basis set with an energy cutoff of 350
eV is used to represent the valence electrons with a PAW ® representation of the core electrons
as implemented in the VASP code.®**® The self-consistent electron density is determined by
iterative diagonalization of the Kohn-Sham Hamiltonian, with the occupation of the Kohn-Sham
states being smeared according to a Fermi—Dirac distribution with a smearing parameter of Kgr
= 0.1 eV. A 4x4x1 Monkhorst-Pack k-point sampling is used for all the surfaces. Activation
energies are calculated as the highest point along the minimum energy path (MEP) calculated

using the climbing image nudged elastic band method (CI-NEB).®"*

Each nitride surface is modeled as a five-layer slab with each layer consisting of four metal
atoms and four nitrogen atoms. The bottom two layers are fixed whereas the top layers as well as
the adsorbed species are allowed to relax. Boundary conditions are periodic in the x and y
directions and surfaces are separated by 12 A of vacuum in the z direction. The structural
optimization is considered converged when the forces in any direction on all moveable atoms are
less than 0.01 eV A”'. The RPBE lattice constants and are taken from Ref. ®*. These RPBE-
calculated lattice constants are 1-2% from the experimental values. VN, CrN and MnN were
reported to exhibit strong magnetism at their equilibrium lattice constants, with preferred

ordering of ferromagnetic (VN and CrN) and antiferromagnetic (MnN), and as such are treated

ACS Paragon P?us Environment



V. Article 5

©CONDUAWN=O

[eRCR RNR R R AN e RN RN RN T AN O SRR N R ORI EAN SR SRR ENE R G RN N o]

The Journal of Physical Chemistry Page 8 of 3!

as spin-polarized with magnetic moments given in Ref. .

2.2. Reaction pathways and electrochemical modeling

The overall cathode reaction of the electrochemical process is:

Nog) + 6(H +¢) — 2NHj(g) 1)
The source of protons could be either water splitting or H, oxidation in the anode reaction. But
we refer to H, here only as a convenient source of protons and electrons to link our absolute
potential vs. SHE:"

H,=2H +¢) (2)

Since we do these analyses at pH = 0, all the predicted onset potentials vs. SHE become
equivalent to RHE at zero pH. Doing these analyses at zero pH might bring up the stability
concern of these materials at low pH values under operating conditions, however, there are
several experimental investigations that prove the high stability of these TMNs in acidic
solutions’'”7*. Nonetheless if a specific TMN exhibits insufficient stability at low pH values, the
onset potentials predicted in this study can easily be calculated analytically for different pH
values according to the Nernst equation.
Hydrogenation of the surface is carried out by adding H atoms one-by-one to the surface to
represent a proton from the solution and an electron from the electrode. For hydrogenation, all
the possible adsorption sites on the surface are investigated and the most stable site and
accordingly the most stable intermediate are taken into account for upcoming hydrogenation
steps. In this approach we do the so-called unconstrained **”> MvK mechanism where the
protons are not constrained to adsorb to a specific atom or a molecule on the surface.
A heterogenecous MvK mechanism with consideration of both single N-vacancy and dimer N-
vacancy is investigated. For the former, one ammonia (NHj3) molecule is formed by successive

hydrogenation of surface until a surface N atom is reduced to NH3 and accordingly a N-vacancy
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is created. Afterwards, the single N-vacancy is regenerated with dissociation of the solvated N»
from the electrolyte where one of the two nitrogen atoms of N, fills the N-vacancy and the other
binds the surface. Reducing this nitrogen at the surface then forms the second NH3 molecule and
completes the catalytic cycle. The hypothetical single N-vacancy MvK reaction mechanism is

shown in Egs. (3)—(11):

*+6H +e)+Ny=*H+5H +¢)+ N, 3)
*H+5H +e)+Ny=*2H+4H +¢)+ N, (4)
*H+4H +e)+Ny=2*3H+3H +e)+ N, )
#3H+3H +e)+Ny=*N+NH; +3H +¢)+ N, (6)
FNLJH +e)+Na= * +*N+3(H +¢) @)
*N+3H' +¢e)=*NH+2H" +¢) 8)

*NH + 2(H" +¢) 2 *NH, + (H" + ¢) )

*NH, + (H' + ¢) = *NH; (10)

*NH; = * + NH; 1)

An asterisk, *, denotes a surface site and “*™” denotes a surface N-vacancy. *N represents one
of the nitrogen atoms from N, that binds the surface after another nitrogen has replenished the N-
vacancy. We also consider the possibility of the dimer N-vacancy MvK mechanism where two
NH; molecules are formed from two surface N atoms and a dimer N-vacancy is created before
regenerating the catalyst with solvated N, from the electrolyte. This is given in eqns (3)—(6)
when first NH3 molecule is formed and then eqns (12)-(16) where hydrogenation of the surface
is continued to form the second NHj, the dimer N-vacancy, and eventually replenishment of

vacancies.

ACS Paragon P?us Environment



V. Article 5

©CONDUAWN=O

[eRCR RNR R R AN e RN RN RN T AN O SRR N R ORI EAN SR SRR ENE R G RN N o]

The Journal of Physical Chemistry Page 10 of 3!

*N4NH; +3(H +¢)+Ny=*N+ NH; + *H + 2(H" + ¢) + N (12)

#*NpNH; +*H+2H + )+ Ny=2 ¥ N+ NH; + $2H+ (H + )+ N, (13)

*N L NH; +*2H + (H" + ¢) + Ny = *N + NH; + *3H + N, (14)
#N 4 NH; + *3H + Ny = *N + 2NH; + N, (15)
#2N 1 9NH; + N, = 2% + 2NH; (16)

The dimer N-vacancy in the surface layer is denoted as **N. DFT calculations are used to
calculate the minimum energy configuration of each species on the surface and adsorption
energies of all intermediates according to reactions (3)-(16). Various surface sites are considered
and the optimal binding site is identified. The free energy of each elementary step is estimated at

pH = 0 according to:
AG(0) = AE + AZPE — TAS a7

where AG(0) is the free energy change of the reaction at zero potential, and AE is the reaction
energy calculated with DFT. The differences in zero-point energy correction (AZPE) and entropy
(AS) are calculated within a harmonic approximation and the values of these are given
elsewhere.*” Free energy diagrams were established by using a computational hydrogen
electrode (CHE) method, which estimates a chemical potential of proton and electron pair (u(H'
+ ¢’)) equivalent to that of a half of gaseous hydrogen (0.5u(H,)) at standard reaction conditions
(pH=0, T=298.15K, 1 atm, and U = 0 V vs. SHE).” At zero pH, the onset potentials predicted
vs. SHE are equivalent to the onset potentials vs. RHE. The chemical potential of the proton and
electron pair is shifted by —neU when the external potential U is applied (See Figure S1, VN).

Thus AG(U) is the free energy change of the reaction at an applied potential U:

AG(U) = AG(0) - neU (18)
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Explicit inclusion of a water layer ’°

has not been considered in the present work due to the large
computational effort required. It has been shown that the presence of water may help stabilize
some species more than others via hydrogen bonding.”"”’ However, this solvation-induced
stabilization of adsorbates in the NER are estimated to be below 0.1 eV.”® From this we conclude
that the onset potentials calculated in the present study are likely to change by a similar

magnitude, which is less than 0.1 eV, and we do not include this correction in the data presented

here.

3. Result and discussion

3.1. Catalytic activity

The possibility of catalyzing NER to ammonia was studied via MvK mechanism with both single
and dimer N-vacancy approaches as given in Egs. (3)-(16) on the ZB(110) facets of TMNs,
where the surface nitrogen atoms are hydrogenated (with consideration of all the possible
adsorption sites for H) and reduced to ammonia, and nitrogen vacant sites are created before the
catalyst gets replenished by solvated nitrogen from the electrolyte. Two types of elementary
steps are assumed in the modeling with regards to the effect of the applied potential in shifting
the FEDs. One is an electrochemical step with proton/electron transfer, such as hydrogenation of
the nitride surface. In the constructed FEDs shown below, the largest difference between the two
adjacent electrochemical steps is termed the potential-determining step (PDS) as it indicates the
bias required making all electrochemical steps exergonic. Another type of elementary step is a
non-electrochemical step without proton/electron transfer, which are replenishment of the nitride
with solvated dinitrogen molecules from the electrolyte and desorption of ammonia molecules
from the surface. These types of steps cannot be tuned by applying bias and consequently
determines the rate of the reaction (if those steps are endergonic on a particular TMN surfaces)

and are labeled rate-determining step (RDS). However in case desorption of ammonia becomes
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endergonic, the ammonia molecules formed on the surface are expected to get further protonated

in acidic solutions to NH,4" and therefore facilitates this step in the reaction.

For the surfaces of ReN, AuN and AgN, significant distortion of the surface atoms is observed
during relaxation and thus these nitrides are considered unstable and eliminated from further
analyses. For the nitrides of Sc, Ti, Cr, Y, Zr, Nb, Mo, Hf, Ta, Os, and W, it was found that
during surface reaction, hydrogenation of both metal atom and surface nitrogen is favorable and
before first ammonia formation there are some *MH (H adsorption on the metallic site) and *NH
(H adsorption on the surface N) formation steps. But for the nitrides of Fe, Co, Ni, Ru, Rh, Pd,
Ir, Pt, and V, the most energetically favorable adsorption site for protons was on surface nitrogen
atoms. In all of these surfaces, none of the metallic atoms on the surface bind H stronger than the
surface N atoms. This means that when considering 4 nitrogen atoms and 4 metallic atoms on the
surface per unit cell, the most thermodynamically favorable intermediate is *NH and not the
*MH. Successive hydrogenation of these surfaces resulted in population of all the surface
nitrogen atoms with H and formation of either 1*NH, (on the surface of PtN, IrN, RuN, and
RhN), 3*NH; (on the surface of VN), or 4*NH; (on the surface of FeN, CoN, NiN, and PdN)
prior to formation of the first ammonia molecule and creation of the vacancy (see Figure 1 and
Figure S1). On the surfaces of ScN, TiN, YN, HfN and TaN, after formation of *4NH,
successive hydrogenation of the surface contributed to formation of *4NH, without formation of
any *NHj; intermediate. Thus, IML coverage on these five surfaces did not lead to any ammonia
formation. Addition of extra protons on the surface caused recombination of surface H-adatoms
and evolution of H, instead. Therefore, the nitrides of Sc, Ti, Y, Hf, and Ta are excluded from

the rest of study, as they cannot be used to activate nitrogen to ammonia.

The free energy of all stable intermediates is calculated according to Eq. (17), with reference to

N, and H, in the gas phase. For all the nitrides studied here it was found that the dimer-vacancy
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approach is a more favorable approach for formation of two ammonia molecules. The only
exceptions are NbN, CrN, ZrN, NiN, and WN where single-vacancy approach seems more likely
(see the provided FEDs in Figures 1 and S1). The FEDs for RuN and CoN (might be good
catalysts), NiN and RhN (might be good reactants) are presented in Figure 1 and the remaining
FEDs of other nitrides are shown in Figure S1 of the supplementary material, where a pathway
towards NH3 formation via both single and dimer-vacancy MvK mechanism is illustrated and
compared. The PDS and the measure of the catalytic activity towards nitrogen reduction to
ammonia on each of the nitrides are identified as the elementary reaction step with the largest

increase in free energy (AG).

As can be seen for RuN, the PDS is the fifth hydrogenation step after formation of the first
ammonia with AGpps = 0.23 eV if the reaction proceeds via dimer vacancy approach. Thus, by
applying an external bias of —0.23 V vs. RHE, this small increase in free energy can be
eliminated and all electrochemical steps will then be downbhill in free energy. But if the reaction
goes via single vacancy approach, the step to fill the vacancy with nitrogen becomes 1.89 eV
endothermic and very difficult at ambient conditions. This step does not involve electron/proton
transfer (non-electrochemical step), thus there is no favorable change in its free energy when
applying an external bias. So it becomes a RDS and temperature or pressure modification is
required to speed up this step. This is seen for CoN as well where filling the vacancy via single
vacancy approach becomes 1.31 eV endothermic, while through dimer vacancy approach there is
only small endothermicity that needs to be accounted for the reaction to proceed. The ninth
hydrogenation step has AGpps = 0.27 eV. Applying a small bias of -0.27 V vs. RHE can shift the
FED of CoN in a way that all the steps become downhill in free energy and therefore reaction
proceeds at ambient conditions. Both RuN and CoN seem to be very good candidates for
catalyzing NER to ammonia when considering the overpotential required for the reaction on

these surfaces and comparing it with the equilibrium potential of ammonia formation from Ha(g)

ACS Paragon F]1§s Environment



V. Article 5

©CONDUAWN=O

[eRCR RNR R R AN e RN RN RN T AN O SRR N R ORI EAN SR SRR ENE R G RN N o]

The Journal of Physical Chemistry

and Ny(g) that is around +0.06 V.”> However, for both NiN and RhN replenishment of the
vacancy was found endothermic via either of the paths. Thus they cannot be good catalysts for
this reaction at ambient conditions, as the catalytic cycle cannot be completed due to high
endothermic nature of the replenishment step. However, formation of the first ammonia
molecule seems exothermic and easy with only small overpotential of around -0.1 V on NiN. On
RhN, it seems like there is no overpotential at all and the reaction can proceed spontaneously
under operational conditions. Therefore, these latter two nitrides might be interesting reactant
materials instead for ammonia synthesis, similar to the case of Mo,N reported as promising
reactant for the solar thermochemical ammonia synthesis.*® Although from FEDs it is seen that
the release of NHj is sometimes slightly endergonic, in reality and in acidic conditions the
adsorbed NHj is likely to get further protonated to NH4  and released into the solution, thereby

avoiding this increase in free energy.
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Figure 1. Free energy diagram (FED) for nitrogen electroreduction to ammonia via both a single and a dimer N-
vacancy MvK mechanism on RuN, CoN, NiN, and RhN. The red line represents the free energy of all the stable

intermediates at zero potential vs. RHE when a single N-vacancy approach is studied. The blue line indicates the
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free energy of all the stable intermediates calculated at zero potential vs. RHE when a dimer N-vacancy approach is
investigated. For RuN the PDS is the fifth hydrogenation step via dimer N-vacancy with AGpps = 0.23 eV. The rate-
determining step (RDS) of 1.89 eV was found when the single N-vacancy is regenerated from solvated nitrogen in
the electrolyte, and therefore the dimer N-vacancy pathway is more likely. For CoN the PDS is the ninth
hydrogenation step via dimer N-vacancy with AGpps = 0.27 eV. However, via single N-vacancy there is a RDS to
fill the single N-vacancy with AGgrps = 1.31 eV. As the RDS involves no proton-electron transfer, applying the bias
cannot change the free energy landscape in a way surmounting this increase in free energy of this step, but
temperature or pressure modification is required. Therefore the dimer N-vacancy pathway is more likely. For NiN
and RhN due to existence of a large RDS to replenish both the single and dimer N-vacancy, the catalytic cycle is
ceased at ambient conditions. But these last two nitrides might be used as potential reactants for the ammonia
synthesis where all the N contents of their material is consumed to ammonia and without possibility of regeneration,
a parent metal is remained. The top view of the ZB (110) metal nitride unit cell is shown in the inset where it has
been repeated once in the lateral directions. Cyan spheres represent metal atoms and dark blue spheres represent
nitrogen atoms. The N atoms of the TMNs are labeled A, B, C and D and the adsorption site at each step of the
FEDs are indicating which N atoms are reduced each time. The AEN labeling shows that a single N-vacancy has
been filled by dissociating N, where one N replenishes the vacancy and other N binds the surface. The ABN labeling

of the final step indicates that a dimer N-vacancy has been filled by dissociating N».

In addition, it was found that different number of proton/electron pair is required on each nitride
to complete the catalytic cycle of two ammonia formations. In some cases the reaction may look
non-stoichiometric, but that is because there more than the minimum proton-electron pairs [6(H"
+ ¢)] are required for formation of two ammonia molecules. The extra hydrogen adatoms
remained on the surface after formation of the two ammonia molecules either contribute to
hydrogen evolution reaction and consequently reduce the Faradaic efficiency towards ammonia
production or in some cases those H adatoms react with other surface nitrogen atoms later on in
the process to form ammonia. The nitrides of Ru, Rh, Ir and Pt, need the minimum

proton/electron pair [only 6(H" + ¢)]. While CrN requires 7(H" + e’), VN, FeN, CoN, NiN, and
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PdN each require 10(H" + ¢’), NbN 11(H" + ¢’), MoN and WN require 12(H" + ¢), and OsN
13(H" + ¢) and ZrN require 16(H" + ¢). Of course, only 6(H" + ¢") are needed to make 2NH3,
and these “extra” H'/e” couples do not indicate that we have a loss of efficiency since they will
be converted later on to ammonia since those H'/e” couples always reduce surface nitrogen and
do not adsorb to the metal ions. Hence the picture is as follows; we start by loading the nitride
with H'/e” couples until NH and NH; species are created on the surface and eventually ammonia
is formed.

The free energy change of the PDS, (AGpps), of each nitride is shown in Figure 2. The most
interesting nitrides are those with AGpps as small as possible (close to the equilibrium potential
that is +0.06 V). But as expected, overpotential is always needed as driving force for the reaction
to proceed. From the values of applied potential reported in the literature for this reaction, a
material with potential less than 1.0 V would be attractive as a catalyst. Here, we predict that we
do not have any H, formation which makes this much more promising and efficient than the pure
metals that convert most of the electricity to H,3* As seen, some nitrides exhibit endergonic
vacancy replenishment with N, along the reaction path. This corresponds to a RDS and is
demonstrated by white boxes. The height of these boxes corresponds to the value of the free
energy change of RDS, (AGgps). These are NiN, RhN, PdN, IrN, and PtN on the surface of
which there is either small (in case of NiN and IrN) or no endergonic electrochemical steps (no
gray bar is shown) along the reaction path of ammonia formation. Meaning that the ammonia
formation reaction can be spontaneous on these 5 surfaces in the operational conditions (see
Figure 1 for NiN and RhN, and corresponding FEDs in Figure S1 for the remaining candidates).
But when the first ammonia molecule is formed and the nitrogen vacancy created, it becomes
difficult to regenerate the catalyst and the catalytic cycle is ceased. Therefore, they would have
made a very good catalyst material for ammonia formation if they did not have these relatively

large endothermic non-electrochemical steps for filling the vacancy and regeneration. Thus as
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mentioned above, the nitrides of Ni, Rh, Pd, Ir, and Pt are not good catalysts at room temperature
and pressure, but they could be interesting potential reactants for electrochemical or
thermochemical ammonia formation.*® However, VN, CrN, FeN, CoN, ZrN, NbN, RuN, and
WN seem interesting catalyst material with relatively low onset potentials for nitrogen activation

and ammonia formation and deserve more analyses and further investigations.
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Figure 2. Free energy change of the PDS (AGpps, in eV) of nitrogen activation to ammonia on the (110) facets of
the ZB structures of TMN surfaces. Number of proton-electron pairs required for 2NH; formation is added above
each bar. The labels above the number of proton-electron pairs indicate the species formed prior to PDS and the bold
texts indicate the species formed right at the PDS, the notation of which is explained in Figure 1. The white boxes
represent the value of the free energy of the RDS (AGgps, in eV) coming from filling the vacancy and regeneration
of the catalyst. The two dashed lines separating the nitrides of different rows is drawn to help the eyes for easier
realization of the trend observed from left to the right of the periodic table where the free energy of the PDS is
decreasing.

Another interesting observation from the analyses of our data is a trend found in Figure 2 where
the free energy of the PDS seems being decreased from left to the right of the periodic table.
Therefore, we explored if any correlation could be found between the activity and a material

dependent descriptor. The onset potential predicted for ammonia formation was found to
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correlate with the dissociation energy of di-nitrogen in the vacancy. This correlation is shown in
Figure 3 where the onset potential of these materials becomes less negative as the dissociative
energy of di-nitrogen on the vacant sites becomes more positive. However as the dissociative
energy becomes more endothermic, the harder it gets to regenerate the vacancies (for example
for the NiN and RhN shown in Figure 1, and PdN and PtN shown in Figure S1). It means that the
best material is the one that compromises both features; the onset potential and the ability to

regenerate the vacant sites.
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Figure 3. The onset potential of ammonia formation on the (110) facets of the ZB structure of TMNs as a function

of the chemisorption energy of two N-adatoms in the N-vacancy.

3.2. Stability against poisoning

The catalytic activity of these nitrides was investigated via MvK mechanism due to the potential
benefit these materials offer by the explicit incorporation of nitrogen in their surfaces. However,
one important consideration is that after surface Ns have reacted and vacancies created at the
surface, these vacancies must be filled with N, from the electrolyte for the catalytic cycle to

endure. However, the vacancy might rather get filled with a H, O” or OH species from the
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aqueous electrolyte, all of which could block these active surface sites, avoid filling of the
vacancy with nitrogen, and thus poison the catalyst. So the competition between nitrogen with
0%, H" and OH’ for filling the surface vacancy is investigated by considering the free energy of
filling the vacancy with any of these species relative to nitrogen (AGan.x)), where X = 0%, H
or OH". The source of these ions is from the water molecules or hydronium ions in the electrolyte
that results in formation of O, OH and H' under operating conditions. We calculate the
difference in adsorption energy of these species compared to adsorbing nitrogen at the onset
potential of ammonia formation. These free energies are referenced to N», H,O and H, in the gas
phase. A negative value of AGn-+x) indicates that it is thermodynamically favorable to fill the
vacancy with nitrogen, rather than other three species. These values are shown in Figure 4 for all

the nitrides studied here (whether catalytically active or not), and the onset potential (V vs. RHE)

of each nitride at which these values are calculated also provided in this Figure.

AGpnex) | €V

S&gSsSSssSs e

Figure 4. Free energy of adsorption of 0%, H' or OH' relative to free energy of adsorption of nitrogen on the surface
vacancy of the nitrides. Free energies are calculated relative to Na(g), Hy(g) and H,O(g). All free energies are

evaluated at the calculated onset potential (V vs. RHE) for each nitride given at the bottom of this Figure.
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It can be seen that for most of the nitrides, nitrogen atoms bind more strongly to the surface
vacancy compared with other three species. Thus the surface vacancies are unlikely to get
poisoned, and by replenishment of the vacancy with nitrogen the catalytic cycle can complete
and sustain. The exceptions are NiN, RhN, PdN, OsN, IrN and PtN. For NiN, PdN, and PtN
where adsorption of nitrogen is the weakest and thus the vacant site is most likely to get
poisoned mainly with H or OH". Therefore the catalytic cycle cannot be completed by
replenishment of the vacant sites with nitrogen and the catalytic activity will cease. For IrN and
OsN only protons from the electrolyte might occupy the vacancy, while for RhN both protons
and hydroxyls bind stronger.

Overall, when considering both the activity (Figure 2) and the stability of the nitrides against
poisoning (Figure 4) the most promising candidates are CoN and RuN with very small
overpotentials of around -0.2 to -0.3 V. Second most promising nitrides are CrN, NbN and WN
that need a slightly higher overpotential for the reaction and the third promising nitrides are VN,
FeN, ZrN and MoN with even higher overpotentials for ammonia formation. Therefore, more
detailed stability assessment of vacancy is carried out for these nine nitrides in the following
section where vacancy migration into the bulk (the fist step towards decomposition) and stability

of the nitrides against decomposition is taken into account.
3.3. Stability against decomposition

As explained earlier, in the MvVK mechanism a surface nitrogen atom is reduced to form NH3
after which the resulting vacancy is replenished by an N, molecule solvated in the electrolyte.
For this replenishment to occur, the vacancy needs to be stable at the surface. If this is not the
case, the vacancy may migrate to the bulk of the catalyst, meaning that the N-vacancy in the first

surface layer is replaced with more nitrogen from the catalyst itself, rather than with N». This
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process can, in principle, continue until all the nitrogen atoms of the metal nitride have been
reacted and reduced to NHj3, leaving only the pure metal.

The stability of the vacancy at the surface and thus stability of the nitrides against decomposition
is estimated by comparing the difference in energy of a nitride slab with a single N-vacancy in
the surface layer (Evac,i) and to that of a single N-vacancy in the first subsurface layer (Eyac ). The
minimum energy configuration of each of these slabs is found and the energy difference (AE,a. =
Evac,t- Evac,i) used as an estimation of the thermodynamic stability of the vacancy at the surface of
the nitride. Activation barriers for vacancy migration (E,v.) are also calculated with NEB
calculations. Figure 5 shows the kinetics of the vacancy migration into the bulk as a function of
thermodynamics. It is found that, for almost all the nitrides (except for CrN), it is
thermodynamically favorable for the vacancy to migrate into the bulk, with AE,, < 0.0 eV.
However, it is clear that some of the nitrides exhibit a high activation barrier of above 1.0 eV for

vacancy migration and are thus likely to demonstrate a stable surface vacancy at room

temperature.
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Figure 5. Energy difference (AEvac) of a vacancy in the surface layer and in the first subsurface layer of a nitride

and the associated activation barrier of vacancy migration (Ea,vac).
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3.4. Regeneration of the active site on the surface

For a more detailed assessment of the stability of the nitrogen vacancy and feasibility of
regeneration of the catalyst, the competition between migration of the vacancy from the surface
into the bulk (decomposition) after formation of ammonia molecule and replenishment of the
vacancy with nitrogen is inspected. The activation free energy (G,) for both processes are
calculated, where G, = E, for the vacancy migration process, but G, = E, + 0.6 ¢V for the process
of replenishing the vacancy with nitrogen. When molecular nitrogen splits and binds to the
vacancy, it looses 0.6 eV of entropy at room temperature going from gas phase to the adsorbed
state on the surface. The entropy loss of molecular nitrogen is taken from Ref. ®'. Therefore,
even if the activation free energy of vacancy replenishment is calculated to be 0.0 eV, the
activation free energy of migration should be higher than 0.6 eV so that replenishment can occur
faster. If the vacancy is likely to replenish faster than it migrates into the bulk, the catalyst is
likely to be able to regenerate itself and endure the catalytic cycle. These activation barriers are

plotted and compared in Figure 6.

Although nitride of V and specially nitrides of Fe, Co, Nb and Mo show relatively good activity
(according to Figure 2) and low probability of being poisoned from the electrolyte (according to
Figure 4), there are lower activation barriers found for migration of the vacancy into the bulk of
these nitrides (first step of decomposition) compared to regeneration of the vacancy with
nitrogen. That implies that the rate of decomposition should be faster than the rate of
regeneration and accordingly these five nitrides should decompose to ammonia and their parental
metal under operating conditions. Although these latter nitrides cannot be used as catalyst for
ammonia synthesis, they might be potential reactant materials for this process. For WN,
however, the activation free energy of decomposition seems to be slightly smaller (around 0.06

eV) than regeneration. Therefore decomposition might not happen that fast before appreciable
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amount of ammonia is produced, and this nitride might yet be worthwhile tested experimentally.
On the other hand, nitrides of Cr, Zr, and Ru seem very interesting in the sense that they should
be able to regenerate them and thus sustain the catalytic cycle of ammonia formation on their
surface, since the activation free energy for replenishment is smaller than that of decomposition,

and that contributes to higher rate of regeneration.

4
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3 vacancy replenishment
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VN CrN FeN CoN ZrN NbN MoN RuN WN

Figure 6. Calculated activation free energies (G,) of the catalyst replenishment by N, dissociation for refilling the
N-vacancy compared with activation free energies of vacancy migration into the bulk (migration of nitrogen atoms

from the bulk toward the surface).

4. Conclusions

A theoretical analysis of the possibility of nitrogen electroreduction to ammonia at ambient
conditions was presented on the (110) facets of the zincblende structures of ScN, TiN, VN, CrN,
FeN, CoN, NiN, YN, ZrN, NbN, MoN, RuN, RhN, PdN, AgN, HfN, TaN, WN, ReN, OsN, IrN,
PtN, and AuN. Except for ScN, YN, HfN, and TaN that were found inactive for ammonia
formation, and AgN, ReN, and AuN that were found unstable, other (110) nitride surfaces were

predicted more selective towards nitrogen electroreduction reaction under electrochemical
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environment. Despite small overpotentials found for ammonia formation on NiN, RhN, PdN,
OsN, IrN, and PtN, they were shown susceptible to poisoning under operating conditions in
electrochemical media. In addition, replenishment of the vacancy was shown very endergonic on
these latter surfaces hindering the endurance of the catalytic cycle. Thus, they cannot be good
catalyst materials but instead might be good potential reactants for this reaction. For the
remaining nitrides, VN, CrN, FeN, CoN, ZrN, NbN, MoN, RuN, and WN, kinetics were also
taken into account in order to conclude whether the nitrogen vacancy created during the catalytic
cycle will be regenerated with N, molecules or will be unstable and migrate into the bulk of the
nitride. When calculating the activation free energy of both these processes, we showed that only
CrN, ZrN, RuN, and WN are predicted to be promising candidates that can be regenerated and
sustain the catalytic cycle of nitrogen activation and ammonia formation under ambient
conditions. Especially RuN, CrN, and WN were predicted to require small overpotentials (from
—0.23 V to —0.55 V vs. RHE) among all the nitrides studied here to catalyze ammonia formation

at ambient conditions.
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DOI: 10.1039/x000000K Density functional theory (DFT) calculations are used in this study to screen for highly stable and active catalyst material

www.rsc.org/ amongst transition metal nitrides (TMN) for the hydrogen evolution reaction (HER). Previously we have predicted with DFT
calculations that some TMNs form ammonia under electrochemical conditions, while others get poisoned or they react to
ammonia and its parental metal. The TMNs of S, Ti, Y, Hf, Ta, and Mo, however, get fully covered with H adatoms without
forming any ammonia. These TMNs are investigated further here, where we focus on the (100) facet of the rocksalt
structure. We calculate the H coverage as a function of applied potential. Activation energies of H2 formation via the Tafel
reaction are also calculated at varying applied potentials. The results nominate a few nitrides (TaN, HfN, MoN and ScN)
capable of catalyzing HER at low overpotentials of 0.09 to -0.34 V vs. RHE with the activation energies of the Tafel reaction
relatively similar to that reported on Pt(111).

Introduction
H,0 — 1/20, + 2H" +2¢” 2)
The world vulnerability to the energy being almost only 20~ 1/20: e @

supplied from natural gases and fossil fuels is constantly
i ing with the increased of our planet and
environmentally harmful energy production patterns. To
achieve viable development and persist human society with
high quality, environmentally sounds and secured renewable
energy services that are evenly distributed throughout the
world is vital. Efficient deployment of wind, water or solar
renewables will undoubtedly lead to a reduced vulnerability.
But, the challenge of energy storage and energy transportation
have the i ion of these

energies and slowed down reduction of the overall
dependency on unendurable resources 2.

and the cathodic counter reaction is the hydrogen evolution
reaction (HER):

2H" +2e" — H,(g) (3)

Most water-splitting processes usually start with hydrogen
adsorption on the surface of catalyst by a charge transfer or
Volmer reaction (eqn. 4) and rely on electrochemical hydrogen
evolution (2H" + 2e" — H,) in the final step where either two
adsorbed hydrogen on the surface combine and evolve
via a Tafel (; r inati
reaction (eqn. 5) or a proton from the solution reacts with an
electron and a H-adatom on the surface and forms H, via
Heyrovsky (ion-atom recombination) reaction (eqn. 6):

Hydrogen appears to be a promising fuel offering safe and
versatile renewable source of energy with a possibility of high-
efficient conversion into water, electricity and heat when used

. . H +e +* > H* 4)
in fuel cells **. The energy produced per unit mass of hydrogen rerto *
b ; s

is muuch more than that generated from gasoline and coal . AS .y o s
a pl source of hydrog for energy

storage applications without evolution of COy, electrochemical o -y (o ©

water splitting is a promising approach . It facilitates
conversion of electrical energy to chemical energy and its
storage in form of hydrogen that can be converted back to
electric energy when needed. In a water splitting cell, the
overall water splitting reaction is:

The HER is one of the most important electrochemical
reactions where protons produced via OER in electrolyte
combine with electrons at the cathode electrode surface and
are reduced to hydrogen gas. The most stable and active
catalysts in acid environments for HER are currently precious
metals, specially Pt-based materials ’. But as Pt is rare and
expensive, there is a need to explore a new class of materials
that are free of Pt, cheaper and more abundant but yet stable,
active and with as small overpotential for HER as possible.
Regarding the mechanism of the reaction, a previous study on

H,0 — H, + 1/20, (1)

The anodic half reaction is the oxygen evolution reaction
(OER):

- - - - e metal showed that the predominant reaction
iz;’;:;z;g;‘i:::;ﬂwwofphymwsme"‘“' VR, University of fcsiand, IS- mechanism for HER is the Tafel reaction being the rate-
+ Corresponding author: egillsk@hi.is determining step (RDS), which is a potential-independent
This journal is © The Royal Society of Chemistry 2017 J. Mat. Chem. A, 2017, 00, 1-9 | 1
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mechanism but the rate as a function of potential is influenced
indirectly by the hydrogen coverage on the surface °
Therefore, by calculating the free energy of atomic hydrogen
when it binds to the surface can give a comparison of the
activity among different catalysts. According to the Sabatier
principle °; too strong hydrogen bond to the surface of a
catalyst results in hydrogen poisoning and no free sites for
adsorption. On the other hand, if hydrogen bond to the
surface is too weak, high overpotentials will be needed for
proton adsorption. Hence, the ideal catalyst should be the one
with binding free energies close to 0.0 eV with a compromise
between these two extremes *°. So if a new class of material is
found with such hydrogen binding properties, it might be a
potential replacement catalyst for Pt in the HER.

Over the years, numerous theoretical and experimental
studies have explored the possibility of HER on different
classes of non-precious materials as an alternative for Pt-based
systems. Electrode materials made by Ni and its alloys, for
example, exhibited promising HER activity through water
electrolysis in alkaline solutions 2. However, high-energy
consumption and low efficiency gained in those systems are
known as their major disadvantage . Afterwards,
electrocatalytic activity of Ni-based alloy films was investigated
for HER in acidic electrolytes by studying Ni-P, Ni-W-P, and Ni-
Mo-P. It was found that the activity of these alloys decreases
with increasing P content, whereas increases with increasing
W or Mo content due to specific electronic structure of these
different alloys '*. Nonetheless, their corrosion in acid
solutions is of important concern. The results of a theoretical
screening on binary-surface-alloy transition metals showed
promising HER system based on Cu and W (W-Cu) with
improvements over both pure W and Cu electrodes *. The
edges of the MoS, nano-particle (NP) were also shown
promising non-precious HER catalyst material, first with DFT
calculations *® and then with experiments 7%
experiments showed that MoS, is around 2-3 orders of
magnitude less active than Pt. The HER activity was also
investigated on cobalt promoted and unpromoted nano-
particulates of MoS, and WS, structures by Bonde and co-
authors, and cobalt was found capable of promoting the HER
in both cases with WS, being the least and Co-W-S being the
highest active material °.

Very recently, synthesis, characterization, and properties of
transition metal phosphides (TMPs) were reviewed on highly
active and Earth-abundant phosphides of Ni, Co, Fe, Mo and W
2! The first Ni,P materials studied experimentally as HER
catalysts were nanoparticles on Ti foil substrates where 1.0
mg.cm” of these nanoparticles produced the exchange current
density of -10 mA.cm™ only at overpotential of around 116 mV.
in a strongly acidic electrolyte (0.5 M H,S0,), with good
stability and quantitative Faradaic efficiencies over 2 hours of
sustained hydrogen production 22, Under similar conditions,
carbon- Ni,P i (Ni,P/C) were

Journal of Materials Chemistry A

mA.cm™ ?*. A recent DFT study on these nanoparticles shows

that Ni,P has many active sites for HER and that is an
explanation for its good performance in experiments 2°. The
most active Ni-based phosphide material with consideration of
the current density of 10 mA.cm? was found to be NisP,
micron-sized particles with exceptional efficiency in both
alkaline (overpotential of 49 mV vs. RHE) and acidic
(overpotential of 23 mV vs. RHE) environments °. These pellet
materials showed HER electrocatalytic geometric activity on
par with bulk Pt catalysts and with minimal loss in activity after
16 hours of H, evolution in both 1 M H,50, and 1 M NaOH.
Following these promising studies on NiP as an Earth-
abundant HER catalyst, uniform and multi-faceted cobalt
phosphide (CoP) nanoparticles on a Ti support were also
identified as an active and acid-stable HER catalyst 2.
Overpotential of 85 mV was enough for 2 mg.cm™ of these
nanoparticles to produce a cathodic current density of 20
mA.cm™ for over 24 hours of sustained hydrogen production in
0.5 M H,50,. Very recently, a series of cobalt phosphide-based
electrocatalysts, including Co,P, CoP, Co,P/CNTs, CoP/CNTSs,
Co,P/nitrogen-doped  carbon nanotubes (NCNTs), and
CoP/NCNTs were synthesized and investigated by Pan and co-
authors in order to explore the influence of phase, structure,
and support effects on the HER activity *°. Their results
indicated that catalytic activity follows the order of COP/NCNTs
> Co,P/NCNTs > CoP/CNTs > Co2P/CNTs > CoP > Co,P, which
was attributed to the different atomic ratio of cobalt to
phosphorous  with the more phosphorus-rich  phase
performing better than the corresponding Co,P counterparts
in each case. On iron-based phosphide systems, the best HER
activity so far belongs to the FeP fabricated on carbon cloth 2.
The high-surface area morphology of these rugae-like FeP
nanocrystals enhance the HER activity in a way that the
required overpotential to reach 10 mA.cm™ is only 34 mV with
the loading density of 4.9 mg.cm™. In addition to these
examples, there are several studies on Mo-based, W-based,
and Cu-based phosphides in literature as well. However, based
on the best results obtained so far in each case; amorphous
MoP *, amorphous WP *, and CusP nanocubes *, these
systems are overall not as active and stable as Ni-based
systems. With combination of theory and experiment,
Kibsgaard and co-authors investigated TMP catalysts for the
HER where they tested a combined experimental-DFT model
by designing new mixed metal TMPs *>. They demonstrated
that the (101) surface of Fe sC0qsP is the most thermo-neutral
in AGy (0.004 eV) of the systems considered and exhibits the
highest activity of all the other TMP catalysts examined,
including pure FeP and CoP.

Transition metal nitrides have also appeared as efficient HER
electrocatalysts for hydrogen production ***. For the nitride-
based HER electrocatalysts, ternary transition metal nitrides
including bimetallic nitrides and transition metal carbonitrides
have received considerable attention due to their high HER
activity. A novel heterogeneous HER catalyst based on a nickel

shown capable of the HER per with only
an overpotential of around 87 mV . The high activity of these
peapoded Ni,P nanoparticles was explained to be due to
enriched nanoporosity and more efficient use of the available
active sites. Ni,P nanoparticles supported on a Ti plate also
showed high catalytic activity for HER at overpotentials of
around 140 to 190 mV obtaining current densities of up to 100

2| J. Mat. Chem. A, 2017, 00, 1-9

nitride (Ni grown on a carbon
support was reported to exhibit a very small onset potential of
-78 mV (vs. RHE) to drive the HER in 0.1 M HCIO, **. The
exchange current density for this catalyst is around 0.24
mA.cm™, in the same order to that of the Pt/C catalyst (0.78
mA.cm™)®*. In the same electrolyte, the Co,sMo; 4N, material
was reported to be stable and active at low catalyst loadings of

This journal is © The Royal Society of Chemistry 2017
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0.24 mg,cm'Z in rotating disk experiments with ability to
catalyze the HER at -200 mV (vs. RHE) contributing to 10
mA.cm™ catalytic current *’. On binary nitrides, a systematic
investigation of the HER was recently done on atomically-thin
(1.3 nm) molybdenum nitride (MoN) nanosheets *. At 100 mV
overpotential, the exchange current density reaches 8.375 x
107 mA.cm™. According to DFT calculations, the atomically-
thin MoN nanosheets display metallic characteristics, and
therefore ensure fast electron transportation during the HER
catalytic process. Very recently, the electrocatalytic HER
activity of the TiN nanowires (NWs) was investigated by
depositing it on a glassy carbon (GC) electrode with an optimal
catalyst loading of 0.51 mg cm? *. For the TiIN NWs, the
catalytic current of 1 mA.cm™ was obtained at a low onset
potential of around -92 mV vs. RHE, above which the current
density increases rapidly at more negative potentials with a
substantial current density of around 40 mA.cm? at an
overpotential of 270 mV. Such electrocatalytic activity is one of
the best reported for transition metal nitride catalysts to date
and comparable to some of the best non-noble catalysts
reported in recent years >*°**. The commercial bulk TiN
electrode, however, needed overpotential of around 405 mV
vs. RHE to only produce 1 mA.cm™ *, 313 mV higher than that
of the TiN NWs. This different activity is presumably due to
alternate reactive sites (e.g. edges) that the TiN NWs provide
but are not as common on a bulk Ti electrode. To investigate
the stability of these materials under operating conditions, the
TiN NWs catalyst was continuously cycled for a total of more
than 20000 cycles in 1 M HCIO,. The current density of TiN
NWs remained nearly unchanged after 10000 cycles, and
slightly decreased to about 90% after 20000 cycles, indicating
excellent electr ical stability. This i ility
shows promise for practical applications of the TiN NWs
catalysts over the long-term operations.

In addition to above-mentioned examples, several studies
have been conducted on nitride-based electrocatalysts either
as cathode material or as a support for different pathways of
energy conversion, including HER, oxygen evolution reaction
(OER), oxygen reduction reaction (ORR), as well as methanol
oxidation reaction (MOR) *°. Although great efforts have been
made to enhance the electrocatalytic activity, the state-of-the-
art synthesis and performance of the current catalysts still
cannot meet the expectation for replacing noble metal-based
catalysts. Therefore, developing more efficient catalysts and
more straightforward synthesis approaches will remain a
challenge for scientists in this field.

In  pursuit of new catalyst materials for nitrogen
electroreduction reaction (NER) to ammonia, we have
previously reported that amongst the mono-nitrides of most of
the d-block metals, the early transition metal nitrides of Sc, Ti,
Y, Hf, Mo, and Ta were most stable in the (100) facet of the
NaCl-type structure and with no catalytic activity toward NER
=8 The surface of these nitrides were found to be mainly
populated and covered with H up to 1 monolayer (ML) with no
*NH; formation. The only exception was MoN where *NH; was
formed at -0.83 V vs. RHE, but the catalytic cycle did not
sustain due to poisoning with H*, OH or O species from the
aqueous electrolyte. Therefore, we hypothesized that they
might catalyse the HER instead, which are a competing
reaction to NER. In the present study, these six nitrides are

This journal is © The Royal Society of Chemistry 2017
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fully i i for ical HER. Density

theory (DFT) calculations are used to study the
thermodynamics of the cathode reaction. Differential binding
free energy is calculated for the electrochemical
hydrogenation of the metal nitride surfaces. For H, formation,
the Tafel mechanism is investigated here as it was found that
the Tafel barrier is the predominant and rate-limiting step for
HER on all metal electrodes .

Methodology

The results presented in this work are calculated by density
functional theory (DFT) using the RPBE exchange-correlation
functional ¥/. A plane wave basis set with an energy cutoff of
350 eV is used to represent the valence electrons with a PAW
“ representation of the core electrons as implemented in the
VASP code “**°. Activation energies are obtained as the highest
point along the minimum energy path (MEP) calculated using
the climbing image nudged elastic band method (CI-NEB)*"*2,
The self-consistent electron density is determined by iterative
diagonalization of the Kohn— Sham Hamiltonian, with the
occupation of the Kohn-Sham states being smeared according
to a Fermi-Dirac distribution with a smearing parameter of ksT
=0.1eV. A4 x4 x 1 Monkhorst-Pack k-point sampling is used
for all the surfaces.

The nitride slabs are modeled with 40 atoms in five layers,
each layer consisting of four metal atoms and four nitrogen
atoms. The bottom two layers are fixed whereas the top layers
as well as the adsorbed species are allowed to relax. Boundary
conditions are periodic in the x and y directions and surfaces
are separated by 12 A of vacuum in the z direction. The
structural optimization is considered converged when the
forces in any direction on all moveable atoms are less than
0.01 eV A™. The RPBE lattice constants used in this study were:
ScN: 4.56 A, TiN: 4.29 A, YN: 4.95 A, HfN: 4.57 A, TaN: 4.44 A,
MoN: 4.40 A. Hydrogen adsorption was allowed on all the
metal and nitrogen atoms as well as any other possible
configurations on the slab (a so-called unconstrained
mechanism) *°.

The total hydrogen evolution reaction is:
H'+e — 1/2H, ()

It takes place at an electrode supplying the electrons, which
provides an intermediate state of the process [see eqns. 4
(Volmer reaction) and 5 (Tafel reaction)]. For recombination of
H-adatoms contributing to H, formation, the Tafel mechanism
is considered in this study, which is equivalent to the
traditional Langmuir-Hinshelwood type reaction for H,
desorption from a metal surface into a vacuum. A good
agreement throughout the metal series indicated that the
Tafel reaction is the predominant H, formation step on all
metal electrodes ®. Also, the Volmer reaction can be treated as
being in equilibrium at room temperature during HER/HOR ®.
This means that close to the equilibrium potential, the barrier
for this process is small, a finding that is in good agreement
with conclusions from experiments *. Thus, the coverage of
hydrogen on the surface is given by the chemical potential of
hydrogen, which at standard conditions (298 K, pH = 0, 1 bar)

J. Mat. Chem. A, 2017, 00,1-9 | 3
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is determined by the potential, (U, p = -eU), relative to the
standard hydrogen electrode. Besides, the energetics of
adsorbed H as well as for the Tafel reaction barrier have been
shown to be not affected by including water, electric fields and
potentials in the calculations **°. The reason is that there is
insignificant electron transfer involved in Tafel reaction and
the dipole of the adsorbed H is small in the direction
perpendicular to the surface. As we focus here on energetics
of elementary reaction steps occurring directly at the
electrode surface where solvation effects from the liquid
should not play such direct role, it is not crucial to explicitly
include the effect of water, ions, electric potentials, or electric
fields due to the large computational effort required **. Hence,
these effects can be neglected and only a surface slab and
adsorbed hydrogen need to be included in the atomic model.
This makes the computational cost much less demanding.
However, as the activation energy of the Tafel reaction is
affected by the H coverage, different coverage needs to be
taken into account. Including water and calculation of the
barrier for proton transfer (Volmer or Heyrovsky step) is out of
the scope of this paper, since it requires very precise
information on the interfacial structure and is computationally
expensive °”*%, On the other hand, transition metal catalysts
have binding energies that are coverage dependent. It means
that electrochemical potential can indirectly affect the Tafel
reaction by changing the coverage, as it is a function of the
potential. So coverage effect needs to be considered in the
modelling and as so we have treated it in this work. The free
energy of the steps associated with adsorption of H is
estimated at pH = 0 according to:

AG (0) = AE + AEzpe + TAS (8)

where AE is the reaction energy calculated using DFT. The
zero-point energy corrections (AEz) and entropy differences
(85) are calculated within a harmonic approximation for
adsorbed species but taken from a handbook for H, in a gas
phase and the values of these are reported elsewhere ***°. The
effect of an applied bias, U, can be included for all
electrochemical reaction steps by shifting the free energy for
reactions involving n electrons by -neU:*

G (U) = AG (0) - neU (9)

The theoretical current densities of the Tafel reaction is
estimated as a function of applied potential on the surfaces of
these metal nitride catalysts and compared with that of
Pt(111) in Figure 5B. The rate constant for the Tafel reaction of
HER is given by:

k= vexp(—Eq/ksT) (10)

We use the normal attempt frequency, v = 10" site™.s™, for
the prefactor, which was found to agree well with the
measured absolute rate for HER when used together with the
calculated activation energies °, E, is the activation energy (eV)
for the Tafel reaction, ks is the Boltzmann constant and T is the
temperature. A typical value of the exchange current density,
ip, on Pt(111) is 4.6 x 10™ A.cm™,** and the surface area per Pt
atom, A/N, is 6.64 x 107° cm’. To obtain the theoretical
current densities, we apply:

4| J. Mat. Chem. A, 2017, 00, 1-9
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i=ke (N/A) (11)

and get i for each nitride. The N/A values calculated for each
nitride are: Tal 6 x 10" cm”; HFN: 1.32 x 10" cm™; MoN:
1.38 x 10° cm?; TiN: 1.41 x 10 cm?; ScN: 1.33 x 10%° em™;

YN: 1.22 x 10 em?,

Results and discussion

Free energy diagram

The trends in hydrogen evolution activity over various
transition metals, metal alloys and non-metal catalysts have
been investigated using DFT with the use of descriptors ****%,
AGy+ which is indicative of the adsorption free energy of
hydrogen has become a conventional descriptor to use when
new class of materials are being screened for HER. According
to this descriptor and as explained by Sabatier principle, the
best catalyst should possess binding free energies of H close to
0.0 eV. Therefore, calculating the adsorption free energy of H
for different materials is expected to be a suitable approach
for quick comparison of their catalytic activity towards HER.

In Figure 1A, the free energy diagrams for hydrogen evolution
over the studied nitrides are shown for a single H adatom.
Their catalytic activity is also compared with the most efficient
catalyst already known for this reaction, the Pt(111). For HER
to take place close to the equilibrium potential (zero Voltage),
no reaction step can be associated with large changes in the
free energy. This instantaneously eliminates Mo(110) as good
catalyst, because it forms strong bonds to atomic hydrogen
that the hydrogen release step will be slow. The same holds
true for one of the nitrides studied in this work, the ScN. On
the other hand, hydrogen binds weakly to the Au(111) surface
and therefore it is not a good catalyst because the Volmer step
is thermodynamically uphill in free energy and relatively high
overpotential is needed to surpass it and get the proton to
bind to the surface. The same holds true for TiN studied here.

As can be seen, YN and MoN with adsorption free energy of
+0.004 and -0.008 eV, respectively, bind the first H adatom
moderately (around 0.0 eV) and that should make them as
good HER catalyst as Pt(111). They also look more promising
than W-Cu catalyst with AGy. of 0.07 eV ** and MoS, edges
with AG,. = 0.08 eV *°. HfN and TaN are also predicted to be
active within this analysis with AGy. = -0.059 and -0.092 eV,
respectively. They all even look more promising when
compared with Ni,P with the free energy of adsorption of H to
be 0.19 eV . The binding free energy of H to the surface of
ScN and TiN are -0.35 and 0.60 eV, respectively. The former
binds H stronger and that makes evolution of H, difficult
compared to Pt; whereas the latter binds H so weakly that it is
difficult to add the proton on the surface without applying a
more negative bias. The activity of SCN might be on par with
that of Mo(111), and TiN seem to be the least active candidate
from the perspective of this common descriptor. From these
FEDs, it appears that some of the nitrides shown in Figure 1A
adsorb H relatively moderately (not too weak nor too strong),
and therefore, it could be anticipated that hydrogen evolution

This journal is © The Royal Society of Chemistry 2017
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Figure 1. *H-descriptor based (A) and 2*Hs-descriptor based (B) free energy diagrams for HER. In order for the H, to evolve, there should be at least 2*Hs
on the surface to recombine via a Tafel mechanism. The *H-descriptor based FED is the conventional approach for comparison of the catalytic activity of
various materials. However, as can be seen by comparing (A) and (B), the 2*H-descriptor based FED provides completely different picture and would give
different predictions of the catalytic activities of these materials than the *H-descriptor would predict. The energies for the adsorbed intermediate are
calculated with DFT for the coverage of 1/8 (A) and 2/8 (B) at standard conditions (pH = 0, 1 bar of H,, U = 0, and 298 K). The values for pure metals are
taken from ref “ and shown with dashed lines for comparison. There is an insignificant difference in the binding free energy of *H on the pure metals at
this low coverage and therefore the values for % H coverage is used in both (A) and (B). The nitrides are shown with solid lines. The values corresponding

o HN & ScN are 0.34 eV overlaying each other in Figure 1B.

become facilitated on the surface of these materials. It is a
necessary but not sufficient criterion for a material to be a
good catalyst where the free energy of adsorbed H is close to
that of the reactant and product (i.e., AGy- = 0).

Differential free energy of H adsorption

In the modelling, every possible adsorption site is investigated
for each H addition step. DFT is used to evaluate the most
stable adsorption site at each step and construct the free
energy until a full of (amL =
8H*) is built on the surface of the nitrides. These free energy
landscapes provide more mechanistic details of the process
and are shown in Figure 2. For some of the metal nitrides we
have considered earlier, H adsorption is found mostly limited
to the surface N atoms and therefore N atom in the surface
layer is reduced to NH; ***>®. However, earlier transition
metal nitrides of Sc, Ti, Y, Hf, and Ta investigated here reach an
even distribution of H on the slab where both metal and
nitrogen atoms on the surface are entirely protonated without
formation of any *NH, or *NH; species. So hydrogen coverage
on these surfaces builds up by adsorption of H on each and
every exposed atom on the surface until 1 ML hydrogen
coverage is reached (1ML = 8H* 8 hydrogen atoms for 4
surface N atoms and 4 surface metal atoms). Addition of the
ninth hydrogen atom to the surface of these studied nitrides
causes H, to be formed, as there is a lack of available sites for
*H adsorption on the surface. Neither *NH, nor *NHj is found
to be an energetically favourable intermediate along the path.

This journal is © The Royal Society of Chemistry 2017
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Therefore, no ammonia formation should be produced on the
nitrides considered in this work. The only exception is MoN
that, in addition to HER at lower coverage; results in reduction
of surface nitrogen to NH; at more than 6/8 H coverage on the
surface corresponding to onset potential of around -0.83 V vs.
RHE. But below this onset potential and H coverage, no
ammonia should be produced but adsorbed Hs, especially
those bound the Mo metal atoms, can evolve and form H,. For
TaN, MoN, and HfN the protons adsorb and bind rather to the
metal atoms than to the surface nitrogen atoms up to 4/8 ML
for TaN and MoN and 3/8 ML for HfN. Afterwards, surface N
atoms are populated each by one hydrogen (to reach 1ML).
But on ScN, YN and TiN, H adsorption does not follow a specific
trend regarding adsorption occurring first on metal sites (*MH)
or on N sites (*NH).

As can be seen, adsorption of the first H to the surface is very
moderate for mononitrides of Y, Mo, Hf and Ta but very weak
on Ti and rather strong on Sc (same as shown by figure 1A).
When estimating the catalytic activity of these different
material only based on the free energy of adsorption of first
hydrogen atom (AGy. descriptor), YN seems to be the most
active candidate with AGy. around zero. But for HER to occur,
either the H-adatom should react with a coming proton from
electrolyte via Heyrovsky mechanism (eqn. 6) (which has been
concluded to have a high activation energy °) or a second
proton needs to be adsorbed on the surface and then
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recombine with the first H-adatom to evolve hydrogen via
Tafel mechanism (eqn. 5).

Differential adsorption frec encrgy / €V
c
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0 i 3 4 5 LY
(' + ) transferred
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NHOH O NH O ONH COYH,, OVH,, APNH VR
W PN CHE NH MM, MM, CHGL NH
MM VT CTH YH O NHCNH ONH COTa,
SNH O ONH S ONH S ONH O USeH

Mol Mol Mol Mol NH

Figure 2. Differential free energy of H adsorption. The labels present the
most stable species formed at each hydrogenation step; *NH or *MH. The
inset shows the top-view structure of the surface where the labelling from A
to D indicates where the H-adatoms prefer to adsorb.

Therefore, using the differential H adsorption free energy of
2H* rather than 1H* is more realistic descriptor for the activity
on these metal nitrides. In Figure 1B we use the 2H* descriptor
in the FED, and as can be seen, these two descriptors give
rather different trends.

Considering hydrogen recombination via the Tafel mechanism,
a potential of -0.65 V vs. RHE is needed to be applied on YN in
order to reach a coverage of 2/8 so that the second hydrogen
atom is adsorbed and then the two *Hs can recombine to
desorb H,. For TaN on the other hand, only a small potential of
-87 mV is required (similar to the Ni,P nanocomposites) to
build up such coverage on the surface and evolve H,.
Therefore in reality, TaN should be by far a better candidate
compared to YN. For MoN, HfN, ScN, and TiN, potentials of -
0.26, -0.34, -0.34, and -0.8 V are needed to apply to reach 2/8
ML, respectively. Apparently, a FED only based on the free
energy of 1*H as descriptor did not identify these at all. The
1H* descriptor works reasonably well on the flat metal
surfaces *, whereas it does not at all for the flat metal nitride
(100) surfaces, as shown in this paper. This difference comes
from the more complicated electronic structure of the ionic
metal nitrides compared to pure metals.

Figure 3 shows the hydrogen coverage on the surface as a
function of the applied potential for the metal nitrides. For TiN
and YN, a rather negative potential is required to reach 0.25
ML (where there is a possibility to have two Hs next to each
other) but as soon as that potential is reached, the surfaces get
fully covered with H-adatoms. The onset potential for TiN and
YN is thus large. All the other nitrides build up the H coverage
gradually as the potential becomes more negative. All these
nitrides show different trend from Pt(111). There, almost a full
ML is reached at only slightly negative potential whereas it

6| J. Mat. Chem. A, 2017, 00, 1-9
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Figure 3. Hydrogen coverage on the surface of the transition metal nitrides
as a function of applied potential (U/V vs. RHE). 1 ML coverage corresponds
to 8H* on the surface in our model system (consisting of 4 surface metal
atoms and 4 surface nitrogen atoms). The values for Pt(111) are adapted
from ref. ®

Activation barrier for Tafel reaction and rate of the HER

In Figure 4 the activation energy (E,/eV) is plotted as a
function of hydrogen coverage until 1 ML H coverage is
reached. This is compared with Pt(111) data reported
elsewhere . As expected, the activation barriers for HER gets
lower with increasing H coverage. The activation barrier drops
down gradually for all the nitrides except again; TiN and YN.
There the barriers are rather constant at any H coverage. This
is due to the weak binding of H on TiN and YN where a
potential of around -0.8 V is needed to get the minimum H
coverage for HER (Fig 2).

02 04 0.6 08 1 12 14
Hydrogen Coverage / ML

Figure 4. Activation energy (E./eV) for the Tafel reaction in HER on several
transition metal nitrides as a function of hydrogen coverage. 1ML coverage
corresponds to 8H* on the surface in our model system (consisting of 4
surface metal atoms and 4 surface nitrogen atoms). The values for Pt(111)
are adapted from ref. 8.

Figure 5A shows the activation energy for the Tafel reaction on the
metal nitrides studied here as a function of the electrode potential.
Usually the trend is that the more negative potential applied, the
higher H coverage builds on the surface (Figure 3). That causes the
activation energy of the 2H* — H, reaction to decrease. As already
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mentioned, TaN needs only a small overpotential of -0.087 V vs.
RHE to reach 2/8 coverage (which is the coverage needed for HER
to start in our model system). The barrier of this Tafel reaction is
calculated to be 0.84 eV that is surprisingly very similar to that of
Pt(111) reported to be 0.85 eV °. Therefore, it is expected that TaN
catalyses HER in relatively similar manner as Pt(111) does.
Comparing the activation energies of hydrogen evolution from the
surface of ScN, HfN and MoN, the Tafel reaction barrier drops
significantly when coverage changes from 2/8 to 3/8. The lowest
activation energy found for the Tafel reaction is for TiN (less than
0.14 eV). But a relatively high overpotential of -0.8 V is required to
adsorb 2Hs on its surface before H, evolution starts. This makes TiN
the least active candidate here and should reduce its attractiveness
for experimental analyses. The same holds true for YN where -0.65
V is needed to reach 2/8 ML where the activation energy of 2*Hs
recombination is calculated to be rather low, or 0.31 eV.

In figure 5B, the rates (current densities) are estimated based on
the activation energy of the Tafel reaction and calculated for
different coverage of H on the surface up to -1.1 V. As can be seen,
at around equilibrium potential, TaN and Pt(111) have a similar rate
and as the coverage increases, the rate of HER increases gradually.
Similar trends are seen for HN, MoN, and ScN as well, where the
rate of HER increases as the coverage increases. However, the
trends are quite different on the surfaces of YN and TiN. First of all,
as has been discussed earlier, a much more negative potential is
required to start HER on YN and TiN than all the other nitrides
studied here. However, when the onset potential is reached, the
rate of the Tafel reaction is rather high and it does not change much
depending on the H coverage on the surface.
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Figure 5. Activation energy of Tafel reaction (E./eV) (A) and theoretical
current densities of the Tafel reaction of the HER (B) as a function of the
electrode potential, U, vs. RHE on several transition metal nitride catalysts
obtained according to eqns. 10 and 11 and compared with Pt(111) adapted
from ref. °. Applying a potential of -0.65 V vs. RHE to get minimum H
coverage (2/8) on YN will spontaneously result in a full H coverage as shown
in Figure 2, and that is why all the points are lying vertically at -0.65 V for YN.

Volcano plot

Volcano plots became common approach for comparison of
the catalytic activity of different materials. Therefore, the
theoretical current density of the Tafel reaction for the lowest
possible coverage for HER (2/8 ML) is used to get the location
of the best candidate of this study, TaN, on the experimental
volcano plot made for the metals (adapted from ref.®). In
Figure 6, the theoretical current density on the surface of TaN
is obtained from the activation energy calculations when
adsorbed Hs on the surface recombine and evolve H,, and that
is plotted against the free energy of 2H* adsorbed on the
surface. The results are compared with the experimentally
measured exchange current density on pure metals where the
MGy descriptor is calculated with DFT and 1 ML s used for the
left leg of the volcano and the top of the volcano whereas 0.25
ML are used for the right leg of the volcano.

As can be seen, TaN with AGy. close to zero (0.087 eV) is
comparable with the hydrogen descriptor for Pt(111) (0.03 eV), and
TaN shows relatively high rate for HER. Interestingly, the H binding
free energy on TaN is the same as for the MoS, and the theoretical
current density for TaN is the same as the experimental current
density for MoS,.

Log Gy / (A.em™))

AGy./ eV

Figure 6. A volcano plot of the HER for various pure metals, MoS,, and the
most promising transition metal nitride surface, TaN. The AGy value for TaN
is calculated for 2/8 ML H coverage at 1 bar of H, and 298 K. Experimental
data are adapted from reference ® where the circular data points are the
measured exchange current density (open data points for (111) facets but
filed data points for polycrystalline) plotted versus the calculated free
energy of H adsorption. The metals on the left side of the volcano have high
H coverage (1 ML) and the metals on the right side low H coverage (0.25
ML). The experimental data for MoS; is taken from ref. .

Conclusions
ility of ing the hydrogen evol reaction (HER)
was investigated by DFT calculations on the (100) facet of the
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NaCl-type structure of mononitrides of Sc, Ti, Y, Hf, Ta, and Mo
at pH = 0. On the basis of the calculated differential adsorption
free energy of H up to a full monolayer and activation energy
of the Tafel reaction for forming H,, we estimated the current
densities of HER as a function of applied potential on all the
nitrides. It was found that the most promising nitride catalyst
is TaN, which should catalyse HER at potential of around -0.09
V with respect to RHE. In addition, the activation energy and
rate of the Tafel reaction on TaN was found very similar to that
previously reported on Pt(111) at around the equilibrium
potential.
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Abstract

Computational screening for catalysts that are stable, active and selective towards electrochemical
reduction of nitrogen to ammonia at room temperature and ambient pressure is presented from a range
of transition metal nitride surfaces. Density functional theory (DFT) calculations are used to study the
thermochemistry of cathode reaction so as to construct the free energy profile and to predict the
required onset potential via the Mars-van Krevelen mechanism. Stability of the surface vacancy as
well as the poisoning possibility of these catalysts under operating conditions are also investigated
towards catalyst engineering for sustainable ammonia formation. The most promising candidates
turned out to be the (100) facets of rocksalt structure of VN, CrN, NbN and ZrN that should be able to
form ammonia at -0.51 V, -0.76 V, -0.65 V and -0.76 V vs. SHE, respectively. Another interesting
result of the current work is that for the introduced nitride candidates, hydrogen evolution is no longer
the competing reaction; thus, high formation yield of ammonia is expected at low onset potentials.

Keywords: DFT calculations, Electrochemical synthesis of ammonia, Electrochemical reduction of N, to NHj,
Transition metal nitride catalysts

1 Introduction

Ammonia is one of the highly produced chemicals in the globe, which is primarily used in
production of fertilizer [1, 2]. Since hundred years ago, ammonia has been synthesized mainly through
the Haber-Bosch process where gaseous nitrogen and hydrogen are passed over a Ru- or Fe-based
catalyst at high pressure and high temperature to form NHj as: [3]

Na(g) + 3Ha(g) = 2NH;(g) O
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The required hydrogen gas for this process is often provided by natural gas, which leads to
increased production of various greenhouse gases. The alternative is to produce hydrogen from water
splitting, which is a cleaner but very energy intensive process. The Haber-Bosch process is in stark
contrast to the function of the enzyme nitrogenase in bacteria in which ammonia is produced from
solvated protons, electrons and atmospheric nitrogen at ambient conditions. The active site of the
enzyme is a MoFe;SyN cluster that catalyzes the electrochemical reaction:

N, +8H' + 8¢ — 2NH; + H, o))

The source of energy for this reaction is at least 16 adenosine triphosphate (ATP) molecules [4],
which are used to increase the chemical potential of the electrons and the protons. Therefore, it is
possible that this natural process could be emulated in a man-made and commercial installation.
Instead of a separate hydrogen production process, the protons could come from an acidic solution
while the electrons would be driven to the electrode surface by an applied electric potential. Various
potential routes for ammonia synthesis at ambient conditions are currently being explored (see Refs.
1,2 and 8 for recent reviews). To increase the yields of ammonia, solid-state proton conductors have
been employed; resulting in up to 78% conversion of cathodic supplied nitrogen to ammonia [5, 6].
Tonic liquids or molten salts also promote ammonia formation from low current efficiencies up to 72%
at high temperatures [7, 8, 9]. While having achieved low-pressure ammonia synthesis, the
abovementioned studies still suffer from the requirement of relatively high temperatures, which leads
to increased product decomposition. Another drawback is the use of complex and expensive
electrolytes that hinder commercialization. To the best of the authors’ knowledge, the first
observations of ammonia synthesis at milder conditions were reported with homogeneous catalysts
with tungsten [10] and zirconium [11] as the central atoms. However, for the sake of distributed use of
ammonia, simpler methods are needed, ideally using heterogeneous catalysis, which allows for facile
isolation of product.

With advancements in the field of computations and modeling, theoretical investigations have
provided deeper insight into catalysis [12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26]. The
use of computations can thus facilitate rational catalyst design, by enabling whole classes of material
to be assessed for their suitability as catalysts. The simplest catalyst for electrochemical ammonia
formation is a pure transition metal catalyst. In a recent theoretical study, electrochemical formation of
ammonia on a range of flat and stepped transition metal surfaces was studied [27]. It was found that
many metals require a relatively small overpotential of -0.5 to -1 V vs. SHE to form ammonia in 1 M
aqueous electrolyte (pH = 0) at room temperature. However, the hydrogen evolution reaction (HER)
can be very fast and severely hinder the production of ammonia unless the surface is covered with N-
adatoms, rather than H-adatoms. It was found that the majority of metals are likely covered with H-
adatoms at the onset potential of ammonia formation. This is less likely for the early transition metals,
however these are known to readily form oxides. Another study used a similar approach on transition
metal Nano-clusters [28] to enhance the ammonia activity compared to HER. However, the presence
of water in the electrochemical environment will reduce the efficiency of catalyst by blocking its
active site due to preferential adsorption of oxygen rather than nitrogen [29].

In the present study, transition metal nitride catalysts are investigated for electrochemical
formation of ammonia at ambient conditions. These materials offer the potential advantage of being
able to form ammonia by way of a Mars-van Krevelen mechanism [30], in which a surface N atom is
reduced to NH; and the catalyst later regenerated with gaseous N,, rather than adsorbing N, to the
catalyst surface in the first step. Density functional theory (DFT) calculations are used to study the
thermodynamics of the cathode reaction. Free energy diagrams are constructed for the electrochemical
protonation of surface nitrogen or metal atoms to obtain onset potentials required for the ammonia
synthesis on rocksalt and zincblende transition metal mononitride structures. The effect of an external
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potential is included using the computational standard hydrogen electrode [12] and the lowest onset
potential required to reduce N, to ammonia is estimated for each nitride.

2 Methodology

Mononitrides of the naturally occurring d-block metals are considered in the present study, in both
the rocksalt (RS) and zincblende (ZB) structures. The low index facets are considered for each crystal
structure, the (100) facets of the RS structure and the (110) facets of the ZB structure. Each nitride
surface is modeled by 40 atoms in five layers, with each layer consisting of four metal atoms and four
nitrogen atoms. The bottom two layers are fixed whereas the top layers as well as the adsorbed species
are allowed to relax. Boundary conditions are periodic in the x and y directions and surfaces are
separated by 12 A of vacuum in the z direction. The structural optimization is considered converged
when the forces in any direction on all moveable atoms are less than 0.01 eV/A. A previous study
showed several of the 3d mononitrides to be either antiferromagnetic (RS structure of VN, CrN, MnN,
FeN and ZB structure of MnN) or ferromagnetic (ZB structure of VN, CrN) at their equilibrium lattice
constants and as such are treated as spin-polarized [31]. The RPBE lattice constants are also taken
from that study. The calculations are conducted with density functional theory (DFT) using the RPBE
exchanges correlation functional [32]. A plane wave basis set with an energy cutoff of 350 eV is used
to represent the valence electrons with a PAW [33] representation of the core electrons as
implemented in the VASP code [34]. Activation energies are calculated as the highest point along the
minimum energy path (MEP) calculated using the climbing image nudged elastic band method (CI-
NEB) [35]. The self-consistent electron density is determined by iterative diagonalization of the Kohn-
Sham Hamiltonian, with the occupation of the Kohn-Sham states being smeared according to a Fermi-
Dirac distribution with a smearing parameter of kBT = 0.1 eV. A 4 x 4 x 1 Monkhorst-Pack k-point
sampling is used for all the surfaces.

3 Results and Discussion

3.1 Stability of the surface nitrogen vacancy

In the Mars-van Krevelen mechanism considered in the present work, a surface nitrogen atom is
reduced to form NHjafter which the resulting vacancy is replenished by a gaseous N, molecule. For
this replenishment to occur, the N-vacancy needs to be stable at the surface. If this is not the case, the
N-vacancy may migrate to the bulk of the catalyst, that is, the reacted nitrogen on the surface is
replaced with more nitrogen from the catalyst itself, rather than with gaseous N,. This process can, in
principle, continue until all the nitrogen atoms of the metal nitride have reacted and formed NHj,
leaving only the pure metal. The stability of the N-vacancy at the surface of the catalyst is estimated
by comparing the difference in energy of a nitride slab with a single N-vacancy in the surface layer
(Eyae,1) and to that of a single N-vacancy in the first subsurface layer (Ey,,2). The minimum energy
configuration of each of these slabs is found and the energy difference (AEy, = (Evac,2) - (Evac, 1)) used
as an estimation of the thermodynamic stability of the vacancy at the surface of the nitride. Activation
barriers for vacancy migration (E,.c) are also calculated and both AE,, and E, ,, are presented in Fig.
1. It is found that, for most of the nitrides, it is thermodynamically favorable for the vacancy to
migrate to the bulk, with AE,, less than or close to zero. However, it is clear that many of the nitrides
exhibit a high activation barrier for vacancy migration and are thus likely to demonstrate a stable
surface vacancy. All nitrides with an activation barrier for a vacancy migration of > 1 eV is retained
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for further screening, since a barrier of such magnitude is unlikely to be overcome at room
temperature.

T 4 rocksatt (100)
Vv zincblende (110)
TiN
YN
3 4 4o ScN
A A A
> HfN zN
[}
8 21 CrN
4 VN .
w A
OsN
v 4 NbN v RuN
TaN MoN , v
’ VFeN
I:N RhN
AaNA gy v  aCuN
N pdN i
1
0 T T
-2 -1 0 1
AE .. /eV

Figure 1: Energy differences (AE,,) of a vacancy at the surface layer and in the first subsurface layer of a nitride
and the associated activation barrier of vacancy migration (E,y,c). The dashed line at E, ,,c = 1 eV represents the
cutoff above which metal nitrides are considered sufficiently stable for further study.

3.2 Catalytic activity

The rate-determining step (RDS) and our measure of the catalytic activity towards NH; formation
on each nitride is identified as the elementary reaction step with the largest increase in free energy.
When this elementary step can be eliminated by applying a bias, it is referred to as the onset potential,
which is the bias that needs to be applied in order to shift the free energy landscape in such a way that
all reaction steps become downhill in free energy. The catalytic activity is studied for the nitrides that
exhibit stable vacancy on the surface (with E, .. > 1 eV, Fig.1) where at each H addition step every
possible adsorption site is investigated, including other N atoms, metal atoms and bridging sites.

For VN and RuN (shown in Fig. 2) as well as for CrN, each added H adds to the same N atom,
forming one NH;, then the second, with only 6(H" + ¢") required to form 2NH;. For ZrN, allowing the
H to bind to any surface site results in firstly a surface Zr atom being protonated, and then an N atom.
The protonation of N is the RDS in NH; formation. A similar case is seen for NbN, where two
neighboring Nb atoms are protonated before the RDS, which is protonation of the first surface N. For
MnN, 3(*NH,) and 1(*NH) form before the first ammonia is released and 9(H" + ¢) are needed to
form 2NHj. In this case, no metal atoms are protonated. In contrast, for MoN and OsN, H atoms cover
all the metal atoms on the surface as well as surface N atoms and 12(H" + ¢7) and 13(H" + ¢") are
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Figure 2: Free energy diagram for NH; formation via Mars-van Krevelen mechanism on the (100) facet of RS
structure of VN and the (110) facet of ZB structure of RuN. For VN the rate-determining step is the first
protonation step with AG = 0.51 eV. The blue line indicates the free energy of all the stable intermediates
calculated at zero potential. The red line represents the free energy of all the stable intermediates at the onset
potential. For RuN the RDS is to release the ammonia with AG = 0.41 eV. As the RDS involves no proton-
electron transfer, no bias is applied and the free energy landscape of RuN is depicted only at zero potential.

needed to form 2NH;. For MoN, to form NH is the RDS. For OsN addition of Nx(g) to fill the N-
vacancy is endothermic, which corresponds to an increase in free energy that cannot be surpassed by
an external applied bias as no proton-electron transfer is involved at this step. For such cases that
require more than the minimum 6(H" + ¢) to form 2NHs, a lower faradaic efficiency is likely to be
observed. For TiN, YN, ScN, HfN and TaN an unconstrained mechanism yields a full H coverage on
the surface with no NH; formation. The catalytic activity of these nitrides are thus instead being
considered as potential hydrogen evolution catalysts, the results of which are beyond the scope of the
present study. After exclusion of those nitrides that do not form NH; (TiN, TaN, ScN, YN and HfN),
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eight metal nitride catalysts are considered potentially active towards NH; formation and presented in
Fig. 3. The RuN from ZB as well as the six RS nitrides shown in Fig.3 should make ammonia
electrochemically under ambient conditions whereas ZB OsN likely requires high pressure to fill the
N-vacancy in order to complete the catalytic cycle of ammonia formation.

I rocksalt(100) AD
zincblende(110) " MoH
ANH

A-DOsH
BNH AZrHANH ANHy ) BNH
3(a)
ONH,

ABNbHANH

OsN RuN ZrN NbN CrN VN MnN MoN

Figure 3: Free energy change (AGgps, in eV) of the rate-determining step of NH; formation on transition metal
nitride catalysts. At each H addition step every possible adsorption site is investigated including other N atoms,
metal atoms and bridging sites and at least 6(H" + ¢") are needed to form 2NH;. The labels above each bar
indicate the species formed in the rate-determining step, the notation of which is explained in Fig. 2. The labels in
each bar indicate the number of protons and electrons required to make 2NH.

3.3 Poisoning of the surface vacancy

As previously discussed, in the Mars-van Krevelen mechanism considered in this work a surface N
is reacted, leaving a surface vacancy at the surface and for the catalytic cycle to complete, this vacancy
must be filled with N»(g). However, there exists the possibility of the vacancy rather being filled with
H atoms or O atoms from the aqueous electrolyte, both of which would block this surface site for
completion of the catalytic cycle. In the present section the competition between N, O and H for filling
the surface vacancy is investigated by considering the free energy of filling the vacancy with O or H
relative to N (AG.n-sx), Where X = O or H). These free energies are referenced to N, H,O and H, in
the gas phase and are calculated at the onset potential for each nitride. A negative value of AGn-+x)
indicates that it is thermodynamically favorable to fill the vacancy with N, rather than O or H. The
values of AG,n-sx) are shown in Fig. 4 for all the catalytically active nitrides. It can be observed that
N atoms bind more strongly to the surface vacancy than O atoms by over 1 eV for most nitrides.
Hence, it is not likely for the surface vacancy to be poisoned by O atoms. For poisoning by H, though,
the surface vacancy in MnN, MoN and RuN is likely to be filled by H, rather than N. For the
remaining nitrides, ZrN, NbN, CrN and VN, the vacancy is likely refilled by N and thus the catalytic
cycle may continue to form the second NHj. These results are as expected as when the bias is tuned
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towards more negative values, the electropositive O species bind weaker on the surface compared to
H,O in the gas phase, as they would rather form bonds with the surface when the bias is more positive:

H,O +* —*0+2H" +2¢” 3)
Conversely, the H adsorption free energy becomes more negative when the bias is lowered:

H+e —*H )

Hl X=Oxygen
X = Hydrogen

a iy

DGy +x) ! €V

-2

RUN  zrN NbN  CrN VN MnN  MoN

Figure 4: Free energy of adsorption of O or H (relative to N) to the surface vacancy of catalytically active nitrides
(AG(n-sx), in eV). Free energies are calculated relative to Ny(g), Hy(g) and H,O(g). All free energies are
evaluated at the calculated onset potential for each nitrides: ZrN, -0.76 V; NbN, -0.65 V; CrN, -0.76 V; VN, -0.51
V; MnN, -0.54 V; MoN, -0.83 V; and RuN, -0.41 V.

4 Summary and Conclusions

In this paper, first principles calculations are used to screen for nitrogen reduction electrocatalysts
that efficiently form ammonia at ambient conditions and in aqueous electrolyte. The most promising
nitride catalysts are the (100) facets of rocksalt structure of ZrN, NbN, CrN and VN. The suggested
catalysts should have stable N-vacancy at the surface and not be poisoned by oxygen or hydrogen
from the aqueous electrolyte. In contrast to previous studies where relatively high onset potentials are
required for ammonia formation, and hydrogen evolution is a competing reaction, the most promising
RS candidates presented in this paper only need a low applied bias to form ammonia and the
competing HER is suppressed. Therefore, a significant amount of ammonia compared with hydrogen
gas can be expected. Furthermore, at the onset potential, the N-vacancy is stable towards both
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protonation and oxidation from water and it should get easily repaired with atmospheric nitrogen
injected to the system at ambient conditions. Other crystal facets and other mechanisms of ammonia
formation on these nitride catalysts are currently being studied to further investigate the catalytic
capability of this class of catalyst.
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Abstract

Viable design of a green route for production of ammonia represents a cost-effective and
environmental solution. One of promising alternatives to the centralized Haber-Bosch process is
electroreduction of nitrogen to ammonia renewably where proton is provided by water splitting in
anode and both nitrogen and electron are provided in the cathode. For the sake of decentralization,
small-scale N, reduction devices are necessary that are equipped with selective and active catalyst
running well at ambient conditions without the sophistications of the Haber-Bosch process. Here, we
present the results of density functional theory (DFT) calculations conducted on different facets of
transition metal mononitrides of Zr and V for possibility of catalytic conversion of nitrogen to
ammonia under ambient conditions. The Mars-van Krevelen mechanism was studied on (100/111)
facets of rocksalt and (100/110) facets of zincblende structures. We studied the catalytic activity,
calculated free energy of all intermediates along the reaction path for nitrogen reduction to ammonia
and constructed free energy diagrams to estimate onset potential necessary for the reaction on each
different facet. Ammonia formation was found more energetically favorable on the (100) facets of
rocksalt with less numbers of proton/electron pairs and with smaller potential-determining step (PDS)
compared to other facets. Therefore, less negative potentials should be required to apply for
electrochemical ammonia formation if single crystal (the (100) facet) of the rocksalt structure is
utilized.

Introduction

The use of ammonia as an energy carrier and specially fertilizer has triggered increased interest
in developing alternative methods in pursuit of a more decentralized and environmentally friendly
approach for ammonia synthesis. Without ammonia and thus deprived of inorganic fertilizer, almost
half the world’s population would be at risk of starvation'. Human survival has been thus depending a
great deal on the Haber—Bosch process’, which is the most pivotal industrial installation for catalytic
cleavage of N, and hydrogenating nitrogen to ammonia heterogeneously over promoted transition
metal-based catalysts. Although Ru and Fe within the Haber-Bosch process show good activity for this
catalytic conversion, the expense and scarcity of these catalysts as well as the harsh operational
conditions and sophisticated industrial setup of the Haber-Bosch process are all prohibitive to
decentralization of ammonia synthesis. This complicates ammonia production in regions with
relatively undeveloped infrastructure such as developing countries. Besides, the reliance of this process
on natural gases for supplying its necessary hydrogen feedstock not only promotes severe CO,
emission to the environment but it also makes the production of ammonia and accordingly food
susceptible to natural gas price fluctuations and political conflicts in the oil-rich regions. Most
importantly, a sustainable process needs to be developed for ammonia production to maintain food
supply since at some point natural gas will be depleted.
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Electro-catalytic ammonia synthesis is a particularly feasible method due to the potential of
utilizing renewable energy sources and mild operating conditions®®. But finding a (electro-) catalyst
that is selective enough towards nitrogen electroreduction reaction (NER) and has a low over-potential
is challenging for distributed and decentralized high-efficient ammonia production at ambient
conditions. As hydrogen evolution reaction (HER) is known the most competitive side reaction in
ammonia synthesis decreasing the current efficiency and yield of NER, first-principle calculations
were used to provide more insight about the mechanism of the reaction and to explore new class of
material with higher activity and selectivity towards NER. Using DFT calculations, a few pure
transition metals’ and transition metal nano-clusters'® were reported capable of ammonia formation.
Recently, transition metal nitrides were found extremely promising for electrochemical ammonia
formation at ambient conditions where the rocksalt (100) of VN and ZrN found to be very stable and
active catalyst materials' "%,

In this work, we considered the rocksalt (111) and zincblende (100/110) structures of VN and
Z1N, calculated and compared their catalytic activity to the (100) of the rocksalt. The main reason is
that in manufacturing of thin films of these materials, it is very common to fabricate a catalyst with
more than one crystallographic texture orientation (a polycrystalline structure). Therefore, the
fabricated catalysts benefit multifaceted structure and catalytic activity of each facet might not be
necessarily the same as the (100) facet. Also, the instability or inactivity of one facet might jeopardize
the proper functionality of the other active facets and therefore decrease the yield of the reaction or
even cease the catalytic cycle.

Methodology

We used DFT with the RPBE"® exchange correlation functional to carry out all the calculations.
We also used a plane wave basis set with an energy cutoff of 350 eV to represent the valence electrons
with a PAW'* representation of the core electrons as implemented in the VASP code'>'. We used
iterative diagonalization of the Kohn— Sham Hamiltonian to determine the self-consistent electron
density, with the occupation of the Kohn—Sham states being smeared according to a Fermi-Dirac
distribution with a smearing parameter of kBT = 0.1 eV. We used a 4x4x1 Monkhorst—Pack K-point
sampling for all the surfaces. We modeled a five-layer nitride slab with four metal atoms and four
nitrogen atoms in each layer. We fixed the bottom two layers and allowed the top layers as well as the
adsorbed species fully relax. Boundary conditions were periodic in the x and y directions and surfaces
were separated by 12 A of vacuum in the z direction. We considered the structural optimization
converged when the forces in any direction on all moveable atoms were below 0.01 eV A™.

Results and discussion

The stability of four different faces of mononitrides of V and Zr was investigated by calculating
the total energy of each slab. The surface with most negative total energy was assumed to be the most
energetically favorable. These values are given in table 1. The (100) facet of zincblende of ZrN
transformed to the (100) of rocksalt upon geometry optimizations and therefore not analyzed further
and not shown in the results.
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Table 1. Comparison of total energy of the relaxed surfaces of VN and ZrN

Total energy of the relaxed surface (eV)

VN ZrN
Rocksalt (100) -377.03 -391.87
Rocksalt (111) -371.70 -388.22
Zincblende (100) -358.28 -
Zincblende (110) -363.72 -371.20

To study the catalytic activity of these surfaces, we calculated the binding energy of H on
different surfaces of these two nitrides by the use of DFT to construct the free energy diagrams (FED)
and estimate the onset potential required for reduction of surface nitrogen to ammonia. We considered
all the possible adsorption sites for each H on the surface and at each protonation step we selected
energetically favorable configuration and therefore the most stable intermediates along the reaction
path. Figure 1 illustrates and compares the FEDs of different facets of both VN and ZrN towards
formation of two ammonia molecules. As can be seen, the reaction path towards ammonia formation is
very different from one facet to the other on both nitrides. It usually takes less intermediates to form
ammonia molecule on the (100) facet of rocksalt but much more intermediates on the (100/110) facets
of zincblende. On both VN and ZrN, the (100) facet of rocksalt is the only structure on which ammonia
formation proceeds via single nitrogen vacancy (N-vacancy) formation. For all the other facets,
addition of N(g) to fill the N-vacancy is endothermic corresponding to an increase in free energy that
cannot be surpassed by an external applied bias, as it is not an electrochemical step with
proton/electron transfer. Therefore, a mechanism of forming a dimer N-vacancy is considered instead
for these nitrides'”. The result is that the free energy landscape changes significantly in such a way that
the addition of Nx(g) becomes downhill in free energy in all cases. In addition, for the rocksalt
structures of VN the PDS is in the first catalytic cycle and before formation of the first ammonia
molecule, while for the zincblende structures of VN the PDS is in the second part of the cycle and after
formation of the first ammonia molecule. However, for ZrN this seems a bit different where the PDS is
prior to formation of the first ammonia molecule only on the (100) facet of rocksalt. But on the (111)
facet of rocksalt and (110) of zincblende the PDS is after formation of the first ammonia molecule. For
VN, the less active surfaces are the zincblende surfaces with free energy of the PDS being 1.22 and
1.24 eV. For ZrN, the less active surface is the (111) facet of rocksalt with the free energy of the PDS
being 1.56 eV.
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Figure 1. Free energy diagrams for different facets of VN and ZrN. The free energy of the potential-determining step is
estimated and mentioned for all different facets. Steps corresponding to release of ammonia and addition of nitrogen is also
shown (-NHs,) and +Ny), respectively).

Conclusion

We conducted DFT to calculate the binding energy of H on the surface of ZrN and VN in four
different crystallographic features namely as (100/111) of rocksalt and (100/110) of zincblende. We

4
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investigated the catalytic activity of these 8 surfaces for reduction of nitrogen to ammonia. We found
that the (100) of rocksalt structure is the most active surface in both mononitrides of Zr and V. Besides,
less number of proton/electron pairs are required for formation of two ammonia molecules on these
surfaces. Whereas, other facets require having the neighboring metal atoms or nitrogen atoms
populated by more protons before reducing surface nitrogen to ammonia. In addition, the nature of the
PDS was found very different on various facets of these mononitrides. All in all, in case of fabrication
of multifaceted films of these catalysts, electrochemical activation of nitrogen to ammonia should be
feasible on both VN and ZrN but at different overpotentials.
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Transition Metal Nitrides As Promising Electro-Catalysts for Either Reduction of
Nitrogen to Ammonia or Hydrogen Evolution Reaction

Younes Abghoui and Egill Skulason
University of Iceland, Reykjavik, Iceland

Abstract

Here we report the discovery of a new class of electro-catalyst material that enables nitrogen
electroreduction reaction (NER) to ammonia at ambient conditions under small overpotentials. The
most promising electro-catalysts are identified among a range of transition metal nitride surfaces with
the use of comprehensive Density Functional Theory (DFT) calculations. In addition to very promising
nitride candidates explored for NER, a few nitrides were found to be interesting for Hydrogen
Evolution Reaction (HER) that could potentially evolve H, with potentials nearing that of Pt. Thus, it
might be possible to replace the expensive Pt catalysts with cheaper nitride compounds. After
screening out these promising nitride candidates for both NER and HER with DFT, we are now testing
them experimentally to see their suitability for real-life applications.

Introduction

Conversion and storage of energy via an electrochemical approach is promising for
development of green power resources for electric transportation and renewable energy
production/storage. Both NER and HER are considered important electrochemical reactions in this
regard. NER is mainly interesting for electrochemical reduction of nitrogen to ammonia, which is
extremely important for decentralized and evenly distributed production of fertilizers throughout the
world. If that were realized, the sophisticated infrastructures and economical-intensive operational
conditions needed for the Haber-Bosch process would be surmounted. Ammonia is also becoming
attractive as an energy carrier and a transportation fuel owing to its high energy density and lack of
CO, emissions'. Therefore, successful NER can help develop environmentally and economically
friendly methodologies for growing a new energy economy. In addition to NER, HER is another
important electrochemical reaction that is critical in fuel cells/electrolyzers where protons produced via
water splitting in electrolyte combine with electrons at surface of the electrode, form H-adatoms and
then get reduced to hydrogen gas. This is central for storage of clean energy via H, production and
accordingly for energy transportation.

One of the largest cost and efficiency limitations of these electrochemical technologies lies in
either the slow kinetics of the electrochemical reactions (regarding NER) or scarce and high-cost
electrode material (concerning HER). To tackle both of these challenges and to increase the reaction
kinetics and accordingly lessen the cost and inefficiency, it is necessary to explore for new class of
materials that facilitate and catalyze the electrochemical processes, yet are abundant and cheap to
prepare.

In this study, we used GGA-DFT calculations to screen for a stable and active catalyst amongst
a range of transition metal nitride surfaces for catalyzing either NER or HER. We studied the (100)
facet of the rocksalt structure of the mononitrides of Sc, Ti, V, Cr, Mn,Y, Zr, Nb, Hf, Ta and Mo, as it

1
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turned out that this crystallographic structure is the most stable texture orientations of these
materials™. We constructed the free energy diagrams for the electrochemical protonation of surface
atoms to obtain onset potentials required for catalyzing NER or HER on the surface of these
mononitride structures.

Methodology

All calculations were conducted with DFT using the RPBE exchange correlation functional®. A
plane wave basis set with an energy cutoff of 350 eV was used to represent the valence electrons with
a PAW’ representation of the core electrons as implemented in the VASP code®’. Iterative
diagonalization of the Kohn— Sham Hamiltonian was used to determine the self-consistent electron
density, with the occupation of the Kohn—Sham states being smeared according to a Fermi—Dirac
distribution with a smearing parameter of kBT = 0.1 eV. The k-point sampling used for all the surfaces
was a 4x4x1 Monkhorst—Pack sampling with maximum symmetry to reduce the number of k-points in
the calculations.

A five-layer slab with four metal atoms and four nitrogen atoms in each layer was used to
model each nitride. The bottom two layers were fixed whereas the top layers as well as the adsorbed
species were allowed to fully relax. Boundary conditions were periodic in the x and y directions and
surfaces were separated by 12 A of vacuum in the z direction. The structural optimization was
considered converged when the forces in any direction on all moveable atoms were below 0.01 eV A™.
The RPBE lattice constants used in this study were: ScN: 4.56, TiN: 4.29, VN: 4.17, CrN: 4.19, MnN:
4.21, YN: 4.95, ZrN: 4.65, NbN: 4.48, HfN: 4.57, TaN: 4.44, MoN: 4.40.

Results and discussion

Firstly, we studied the possibility of catalyzing NER on the surface of mononitrides via a Mars-
van Krevelen mechanism where upon freely protonation of the surface (with consideration of all the
feasible adsorption sites for H) a nitrogen atom was reduced to ammonia and a nitrogen vacant site
created. Secondly, we investigated the feasibility of HER on the surface of the nitrides that got totally
covered by protons and could not produce ammonia at all.

We used DFT to study the binding energy of H adsorption on the surface of the mononitrides.
Initially, we limited H addition to only a single surface nitrogen atom. We considered all the
intermediates along the path (*NH, *NH, and *NH3;) and constructed the free energy diagrams (FED)
to be able to determine the most endothermic step known as the potential-determining step (PDS).
Figure 1 shows that all of the studied mononitrides exhibited catalytic activity for NER and reduced
the surface nitrogen to NHs. However, few of these mononitrides (ScN, TiN, YN, HfN and TaN)
showed very less activity towards NER due to huge PDS along the reaction path with the free energy
above 1.0 eV. To surmount this endergonic step, a huge negative bias of -1.0 to -2.0 V versus SHE is
needed to shift the free energy diagram in a way that all the steps become downhill in free energy and
therefore NER proceed. That is a huge overpotential making these mononitrides less interesting.

In a second consideration, we removed the limitation of H adsorption on a single nitrogen site
of the surface. Instead, we considered all the possible adsorption sites for each proton addition and
found the most energetically favorable configuration for making each intermediates along the path.
Therefore, we allowed the possibility of coverage to build up on the surface with more H added and

2
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accordingly included the coverage effect on the proposed onset potential for ammonia formation. The
result of this consideration is shown in the inset of figure 1. We can see different behavior in catalytic
activity of the mononitrides due to inclusion of the coverage effect, exploration of all the possible
adsorption sites and selection of the most energetically favorable configuration along the reaction path.
As can be seen from figures 1 and its inset, those nitrides with AGpps greater than 1.0 eV that assumed
being inactive/less active towards NER when H adsorption was limited to one specific site are no
longer capable of catalyzing NER when coverage effect is taken into account. However, the full free
energy diagram of these five mononitrides shows that protonation of their surface continues until all
the surface atoms (both the surface N atoms and the surface metal atoms) are occupied by proton and a
full monolayer of hydrogen (IML= 8H") is formed on the surface (see figure 2, right). After that,
addition of any extra proton to the surface results in either recombination of 2 H adatoms (Tafel
mechanism) or binding of H adatom with a new proton coming towards the surface (Heyrovsky
mechanism) to evolve hydrogen gas. Therefore, the red mononitrides shown in figure 1 might have a
great potential for HER instead.
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Figure 1. Free energy change of the PDS for NER on transition metal mononitride catalysts. H addition is restricted to a
single nitrogen surface site and the minimum 6(H™ + ¢") are used for formation of 2NHj. All mononitrides with free energy
below 1.0 eV are interesting candidates for catalyzing NER. However, the ones marked red should be inactive/less active
and thus less interesting due to huge overpotentials needed to apply. Inset shows the free energy change of the PDS for
NER on transition metal mononitride catalysts. Considering all the possible adsorption sites of H on the surface and
including the coverage effect, most of the nitrides require more than 6 proton/electron pairs for formation of two ammonia
molecules. The labels in each bar indicate the number of protons and electrons required to make two ammonia molecules.

AGy= which is indicative of the adsorption free energy of hydrogen has become a conventional
3
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descriptor to use when new class of materials are being screened for HER®’. In Figure 2 (left), the free
energy diagrams for hydrogen evolution over the nitride catalysts of Sc, Ti and Y are shown at the
equilibrium potential. Their catalytic activity towards HER is also compared with the most efficient
catalyst already known for this reaction, the Pt(111)'. The binding free energy of H to the surface of
ScN and TiN is -0.35 and 0.60 eV, respectively. The former binds H stronger and that makes evolution
of H, difficult compared to Pt; whereas the latter binds H so weakly that it is difficult to add the proton
on the surface which can be circumvented by applying a greater negative bias. However, YN seems to
bind H very moderately (around 0.0 ¢V) and that should make it as good HER catalyst as Pt. It even
looks better in activity compared with NioP with 0.19 eV being the free energy of adsorption of H'.
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Figure 2. (Left) Free energy diagrams for HER at zero potential. The energies for the adsorbed intermediate are calculated with DFT for
1/8 ML coverage at standard conditions (zero pH, 1 bar of H, and at room temperature). The value for Pt(111) is taken from reference 10
and shown for comparison. (Right) Differential free energy of adsorption of H on the surface of ScN, TiN and YN where all the possible

adsorption sites for H are explored and the most energetically favorable one is adapted along the path. A full monolayer of H (IML= 8
*H) is formed on the surface without any possible activity for NER.

Protonation of the surface of Ti, Y and Sc mononitrides have been done thoroughly until a full
monolayer of H (IML = 8 *H) was formed on the surface. Neither *NH; nor ¥*NHj; was found being an
energetically favorable intermediate along the path. Therefore, no ammonia formation was observed.
After a full coverage of H, there was no longer an adsorption site available for H and therefore H,
formation was observed upon addition of the gt proton. The differential free energy of adsorption of H
on these surfaces were constructed and shown in figure 2 (right), and Hf and Ta mononitrides are still
under consideration. As can be seen and similar to what shown in figure 2 (left), it is only YN that has
a moderate binding of first H on the surface. TiN binds it very weakly whereas ScN binds it very
strongly. Figure 2 (left) is constructed based on a conventional descriptor for screening for HER
catalysts and proposes that YN should be an extremely promising candidate for HER. But for HER to
occur, either this H-adatom should react with a coming proton from electrolyte via Heyrovsky
mechanism or a second proton needs to be adsorbed on the surface and then recombine with the first
H-adatom to evolve hydrogen via Tafel mechanism. On TiN, according to figure 2 (right), both the
Heyrovsky and Tafel mechanisms seem difficult, as the free energy of adsorption of first proton is
relatively high. However on the surface of YN, only Tafel mechanism seems difficult due to relatively
weak free energy of adsorption of the second proton (0.65 eV) where a 2/8 ML coverage is reached.
Nonetheless, the Heyrovsky mechanism might be fast and easy especially on YN as adsorption of the
first proton should happen at U=0 V vs. SHE. ScN starts to adsorb the 2™ proton at around -0.30 V

226



X. Article 10

where HER can start via the Tafel mechanism. This deserves a detailed analysis that is beyond the
scope of this paper, but is currently being investigated.

Conclusion

We used DFT calculations to investigate the possibility of using transition metal mononitrides
for catalyzing NER or HER. Complete mechanistic analysis of these mononitrides showed that VN,
CrN, MnN, ZrN, NbN and MoN can catalyze reduction of surface nitrogen and form *NH, *NH, and
*NH; intermediates necessary for ammonia formation. VN and CrN specifically should produce
ammonia with higher current efficiency, as they only need the minimum number of proton/electron
pairs to form 2 ammonia molecules. In addition, we explored that a full monolayer of H (IML = 8 *H)
covers the surface of ScN, TiN, YN without any possibility of formation of *NH, and *NHj
intermediates and accordingly no ammonia molecule. The free energy diagram of these nitrides
together with the differential free energy of adsorption of H plot suggest that YN might be a promising
material for catalyzing HER via a Heyrovsky mechanism and ScN via the Tafel mechanism and
therefore deserves more detailed kinetic analysis for efficient HER activity.
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