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A Density Functional Theory Investigation of Ammonia
Oxidation Pathways on Nickel Oxide

Brendan D. Paget, Shayne J. Johnston, Henry Lim, and Leanne D. Chen*

Abstract: Direct ammonia fuel cells (DAFCs) utilize ammonia’s chemical energy and converts it
into electricity through the electrocatalyzed ammonia oxidation reaction (AOR). Currently, studies
have focused on Pt-based anode materials, however due to limitations, research has shifted towards
alternative materials. Previous research in our group has focused on oxidized Ni-based materials
including Ni(OH)2 and NiOOH which show promising catalytic activity. The current study used
density functional theory to determine the catalytic activity of NiO. It was found that the potential
determining step for all mechanisms associated with AOR is seen as the first deprotonation from
∗NH3 to ∗NH2, requiring 1.25 eV. Additionally, the lattice oxygens in the surface provide alternate
mechanistic routes compared to the previously studied Ni(OH)2 and NiOOH. This work outlines the
ability of NiO to drive various mechanisms toward N2(g), N2H4(g), NO(g), NO2

−(aq), NO3
−(aq),

and N2O(g).

1 Introduction
Fossil fuels are commonly used to generate power and energy
around the world. Common fuel sources such as coal, oil and
natural-gas currently power industrial growth and advance the
development of society.1–3 However, the use of these resources
raise significant environmental concerns, contributing to air and
water pollution, climate change, and global warming.2 In recent
years, these concerns have increased to alarming levels which
has initiated an effort to transition our energy production away
from using fossil fuels to alternative technologies such as solar,
wind and other renewable energy sources.4 The currently estab-
lished renewable energy sources significantly reduce the amount
of greenhouse gas emissions that are emitted into our atmo-
sphere. Although this is a promising step forward in the effort
to reduce usage of fossil fuels, these technologies are not yet ca-
pable of meeting global energy demand.5 As society continues to
rely on fossil fuels, there is a demand to find an alternative solu-
tion for energy production. This solution needs to provide a clean
and scalable source of energy, capable of producing enough en-
ergy to transition towards a low-carbon future. A solution for this
transition towards a low-carbon future is the adoption of the hy-
drogen economy, where hydrogen gas (H2) is used as the primary
fuel and energy source.6,7 Hydrogen can generate energy through
the combustion reaction into water and heat,8 or through electro-
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chemical conversion seen in fuel cells.7,9,10 Hydrogen, however,
has notable limitations that significantly restrict its adoption as a
primary energy carrier. Some of these challenges involve storage
and transportation, limiting hydrogen’s large-scale implementa-
tion into a wide range of technologies.11 Ammonia (NH3) has
emerged as a promising alternative fuel source within the hydro-
gen economy. Due to ammonia’s high hydrogen content (17.6
wt.%), it can serve as a valuable energy and hydrogen carrier.12

In comparison to hydrogen gas, ammonia is easier to store and
transport as it can be stored as a liquid at 20 ◦C with an applied
pressure of 8.6 bar, rendering a more practical option as a fuel
source.13 Further, one of the main contributors to ammonia be-
ing a valuable alternative is that it can act as both a direct and
indirect fuel source, allowing for it to be used across a range of
technologies that are being developed and currently exist. Among
these, direct ammonia fuel cells (DAFCs) have gained attention as
an efficient technology to convert ammonia’s stored chemical en-
ergy into electricity.11

1.1 Direct Ammonia Fuel Cells

Direct ammonia fuel cells (DAFCs) have seen an increase in sci-
entific studies over the past few years as fuel cell research transi-
tions to finding alternative fuel sources beyond conventional hy-
drogen gas. As recent findings on ammonia’s fuel source capabil-
ity emerge, anode material development has become an area of
focus to further optimize DAFCs. DAFCs work by converting am-
monia’s chemical energy into electricity through the electrochem-
ical oxidation reaction at the anode.14 This reaction in DAFCs
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Surface Deprotonation NH2 Coupling NH Coupling N Coupling
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Gerischer-Mauerer
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Fig. 1 AOR mechanisms toward N2 and N2H4 formation. Blue and white spheres are nitrogen and hydrogen atoms, respectively. Oswin-Salomon
mechanism and the Gerischer-Mauerer mechanism are outlined by a black and orange box, respectively.

ultimately form nitrogen gas (N2), protons (H+), and electrons
by proceeding through the mechanisms seen in Fig. 1. These pro-
tons migrate through the electrolyte towards the cathode where
it will then combine with oxygen and electrons to produce H2O.
In basic conditions (pH = 14), AOR is commonly written as:

2NH3(g)+6OH−(aq)→ N2(g)+6H2O(l)+6e− (1)

By convention, all redox reactions are written as reductions to
allow for direct comparison in the electrochemical series.15 Thus,
all reactions associated with the AOR will be written as the re-
verse reaction, known as the nitrogen reduction reaction (NRR),
seen in Eq. 2. This work will report reduction potentials con-
sistent with the electrochemical series convention to avoid any
confusion about the thermodynamics of a given reaction.

N2(g)+6H+(aq)+6e− → 2NH3(g)

U◦ =+0.0567 VRHE

(2)

Electrode reactions referenced to the reversible hydrogen elec-
trode (RHE) are pH-invariant, while ones references to the stan-
dard hydrogen electrode (SHE) depend on pH. Since AOR occurs
in alkaline conditions, the standard electrode potential for AOR
takes on a different value at pH 14:

N2(g)+6H2O(l)+6e− → 2NH3(g)+6OH−(aq)

U◦ =−0.772 VSHE, pH = 14

(3)

1.2 Anode Materials

Various studies have focused on the development and analysis
of anode materials which catalyze the ammonia oxidation reac-
tion. In a study by De Vooys et al., the AOR was investigated
on transition metals such as platinum (Pt), palladium (Pd), irid-
ium (Ir), rhodium (Rh) and ruthenium (Ru).16 This study out-

lined the ability of Pt to catalyze AOR and was seen as the most
active catalyst.16 In another study, it was shown that the combi-
nation of Pt with Ir to form a bi-metallic catalyst improved the
performance of the anode.17 Multiple mechanistic studies18–22

have been done on Pt-based catalysts due to the metal’s catalytic
ability of deprotonating the AOR intermediates.16 Pt-based ma-
terials have shown evidence that the main product is N2(g)23

and is commonly used as a benchmark for when comparing AOR
catalysts due to its high AOR peak current and low onset poten-
tials.16,24–27 Despite its catalytic ability, Pt-based catalysts present
notable challenges. Short lifetimes, and electrode deactivation
due to intermediate poisoning hinder their broad adoption into
real-world applications. Depending on potentials applied, the Pt
surface can be poisoned by ∗N or ∗NO.18,28 From these limita-
tions, there is interest in developing electro-catalytic surfaces, us-
ing less expensive metals and such that are capable of avoiding
poisoning and maintaining activity.

Previous experimental studies have investigated AOR on
Ni(OH)2/ NiOOH-based catalysts.29,30. It has been shown that
using Ni-based catalysts for AOR can improve the activity and
overall lifetime of the electrocatalyst.29–31 Further, these Ni-
based materials are promising as they show resistance to poison-
ing, low cost, and produce dinitrogen, nitrite, and nitrate,29,30

each of which will be discussed in context of their formation
mechanism in the following sections. Through the understanding
of the AOR mechanism, it can identify key reaction intermediates
and potential determining steps.

1.3 AOR Mechanism

Two primary mechanisms for the formation of N2(g) have been
proposed: Oswin-Salomon (O-S) mechanism, and the Gerischer-
Mauerer (G-M) mechanism. In the O-S pathway, ammonia un-
dergoes subsequent deprotonation steps to form atomic nitrogen,
which then recombines to form N2(g).37 More recently discov-
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+ NONHx deprotonation OH deprotonation
HydroxylationProton transfer

Zeldovich et al.

AOR coupling

Katsounaros et al. Choueiri et al.Fueno et al.

Nakai et al.

Duca et al.

Fig. 2 Diagram of proposed AOR pathways that include oxygenated intermediates and mechanisms. The dotted purple boxes outline mechanisms that
have previously been discovered to occur along the AOR, explored by Fueno et al.,32 Duca et al.,33 Nakai et al.,34 Zeldovich et al.,35 Katsounaros et
al.,23 and Choueiri et al.36 Species outlined in the light gray circles are potential products that are released from these mechanisms seen on various
metals and surfaces.

ered, the G-M mechanism involves the partially dehydrogenated
intermediates, NHx (where x can be 0, 1, or 2), to react with each
other to form coupled intermediates such as hydrazine (N2H4)
prior to further deprotonation towards N2(g).38 The G-M mecha-
nism is supported through the formation of N2H4 as a detectable
intermediate, which is seen as a two-electron reduction to form
ammonia, as shown in Eqs. 4 and 5:

N2H4(aq)+2H+(aq)+2e− → 2NH3(g)

U◦ =+0.867 VRHE

(4)

And compared on the SHE scale in alkaline conditions:

N2H4(aq)+2H2O(l)+2e− → 2NH3(g)+2OH−(aq)

U◦ =+0.124 VSHE, pH = 14

(5)

Both of these mechanisms were originally proposed using plat-
inum black electrodes, but differ in the intermediate species that
were involved.37,38 The pathways can be seen in Fig. 1.

1.4 Further Oxidation

Beyond the formation of dinitrogen, other studies have suggested
the possibility of different oxidation reactions towards the forma-
tion of nitrite, NO2

−(aq) and nitrate, NO3
−(aq).28 The respective

reduction reactions for these products can be seen in Eqs. 6 & 7,
compared using the RHE scale, and Eqs. 8 & 9, when compared
to SHE in alkaline conditions where pH = 14.

NO2
−(aq)+7H+(aq)+6e− → NH3(g)+2H2O(l)

U◦ =+0.792 VRHE

(6)

NO3
−(aq)+9H+(aq)+8e− → NH3(g)+3H2O(l)

U◦ =+0.799 VRHE

(7)

At pH = 14:

NO2
−(aq)+5H2O(l)+6e− → NH3(g)+7OH−(aq)

U◦ =−0.173 VSHE, pH = 14

(8)

NO3
−(aq)+6H2O(l)+8e− → NH3(g)+9OH−(aq)

U◦ =−0.132 VSHE, pH = 14

(9)

In recent work from our research group, Choueiri et al.,
has identified the possibility of oxygenated intermediates on β -
Ni(OH)2

36 and β -NiOOH39. Although these studies have identi-
fied dinitrogen as a primary product through the G-M mechanism,
the presence of oxygenated intermediates, presents subsequent
reaction pathways involving oxygenated species. Through the
mechanism of the formation of nitrite and nitrate, various oxy-
genated intermediates are made possible through the reaction be-
tween nitrogen-containing species and hydroxide molecules, seen
in Fig. 2.23,39 One of these important intermediate species is ni-
tric oxide (NO).23 The reduction reaction to ammonia of NO can
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be seen in Eq. 11, and exists as a five electron reaction.

NO(aq)+5H+(aq)+5e− → NH3(g)+H2O(l)

U◦ =+0.707 VRHE (10)

At pH = 14:

NO(aq)+4H2O(l)+5e− → NH3(g)+5OH−(aq)

U◦ =−0.121 VSHE, pH = 14 (11)

The production of NO adds another branch to the overall AOR,
as further reactions between AOR intermediates and NO may ex-
ist, leading to the formation of by-products such as N2O, also
seen in Fig. 2.32–34,40–43 The reaction to form N2O has been
shown to be produced through a Langmuir-Hinshelwood type re-
combination reaction.43,44 This interaction may occur between
AOR intermediates and ∗NO to form coupled species that could
eventually lead to N2O(g) on the surface.34,42,43 Additionally, ni-
tric oxide can be formed through a high temperature combustion
reaction between dinitrogen and oxygen, known as the Zeldovich
mechanism.35 The existence of NO molecules has been seen in
multiple studies that investigate AOR, and is seen as an important
intermediate molecule towards the production of NO2

– (aq) and
NO3

– (aq).23,27 Tbl. 1 summarizes both experimentally reported
and DFT-calculated Gibbs free energy of reaction for the various
products that could be produced through AOR pathways at pH
11, which show good agreement. The experimental values were
obtained by calculating the thermodynamic Gibbs free energy of
reaction using the standard Gibbs free energies of formation for
each species, as reported in Lange’s Handbook of Chemistry.45 An
example calculation for the Gibbs energy of reaction is outlined
by Choueiri et al. in their Supporting Information.36 The DFT val-
ues were calculated using the gas phase values for each species
and the product energies were corrected using their associated
gas phase errors as outlined by Urrego-Ortiz, et al.46 These cor-
rections were employed to fix the deviations in DFT calculations,
specifically with N-O bonds,46–48 and were employed throughout
this study. By using these gas-phase corrections, we were able to
reduce the difference between thermodynamic and DFT values to
below |0.2| eV.

Table 1 Comparison of Gibbs free energies of reaction calculated from
experimental values and their corresponding DFT calculations at pH 11
for potential products that could exist upon the electro-catalytic AOR.
Thermodynamic values for each species can be found in Lange’s Hand-
book of Chemistry.45

Products Thermodynamic ∆rG (eV) DFT ∆rG (eV) Error (eV)
N2 +3.56 +3.45 −0.11
NO −0.28 −0.33 −0.05

NO2
– (aq) −0.20 −0.36 −0.16

NO3
– (aq) −0.53 −0.63 −0.10

N2O +1.33 +1.19 −0.14
N2H4 −0.60 −0.69 −0.09

The thermodynamic equilibrium potentials (U) for the prospec-

0.057V

0.71 V
0.79 V
0.80 V

0.95 V

0.48 V

N2(g) + 6H2O(l) + 6e NH3(g) + 6OH (aq)

NO(g) + 4H2O(l) + 5e NH3(g) + 5OH (aq)
NO2 (aq) + 5H2O(l) + 6e NH3(g) + 7OH (aq)
NO3 (aq) + 9H2O(l) + 8e NH3(g) + 9OH (aq)

N2H4(g) + 2H2O(l) + 2e 2NH3(g) + 2OH (aq)

N2O(g) + 7H2O(l) + 8e 2NH3(g) + 8OH (aq)

U

pH = 0

0.77V

0.12V
0.13V
0.17V

0.12 V

0.34V

U

pH = 14

Fig. 3 Thermodynamic equilibrium potentials (U) at pH 0 and pH 14
for the various reduction reactions of nitrogen-containing products.

tive products through electro-catalytic AOR can be seen in Fig. 3.
These equilibrium potentials have been summarized for the re-
duction of the nitrogen-containing products at pH 0 and 14. This
study will provide insight to which mechanism AOR will proceed
upon electro-oxidation. Since our research group has previously
investigated β -Ni(OH)2 and β -NiOOH, looking at NiO will extend
our understanding on nickel-based surfaces and its reactivity to-
wards AOR.36,39 It has also been mentioned in the literature that
NiO co-exists with β -Ni(OH)2 in nature, and as the potential and
pH approach AOR conditions, NiO becomes the thermodynami-
cally favoured surface.49 Building on this, NiO is currently under-
explored despite its existence under favourable AOR conditions.
To address this, we utilize density functional theory (DFT) to an-
alyze the catalytic behavior of NiO by determining surface pa-
rameters, adsorption sites, and calculating free energy diagrams
(FEDs) to assess AOR mechanisms. By investigating NiO, we aim
to further understand nickel-based materials and how they be-
have when catalyzing AOR.

2 Computational Methods
All DFT calculations were conducted using the Vienna Ab ini-
tio Simulation Package (VASP, version 5.4.4)50–52 while using
atomic simulation environment (ASE) to run, analyze, and vi-
sualize the results.53 The RPBE functional54 is applied to ac-
count for the electronic interactions in the system and the core
electrons with pseudopotentials derived from the projector aug-
mented wave (PAW) approach are supplied with VASP.55,56 The
generalized gradient approximation with Hubbard U correction
potential (GGA+U) is used to correct over-delocalization of the
Ni d-electrons.57,58 The value of the Hubbard U value was chosen
by matching with previous computational studies and experimen-
tal papers on NiO.59–63 The Hubbard U is further discussed in the
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NiO Bulk Analysis section of this paper. The experimentally deter-
mined NiO bulk structure (mp-19009)64 was obtained from the
Materials Project.65 For geometry optimizations, the planewave
cutoff is set to 500 eV and a Monkhorst-Pack k-point mesh of
(4× 4× 1) is used to sample the Brillouin zone.66 For the bares-
lab surface, the bottom two layers are fixed in their positions and
the top two layers are able to relax and find its lowest energy
geometry. The optimized unit cell can be seen in Fig. 4. All struc-
tures are optimized until forces on all free atoms are less than
0.05 eV/Å. The free energy of each species is obtained using the
following equations:

H = Eelectronic +ZPE+
∫ T

0
CpdT (12)

G = H −T S (13)

These thermochemical corrections were calculated under the
ideal-gas limit for gas-phase molecules and the harmonic limit
for adsorbates. The FEDs were constructed using the Gibbs free
energies for each intermediate, referenced to the pristine slab,
NH3(g), H2(g), and H2O(l). Each FED used the lowest calculated
adsorption free energy for each intermediate in each reaction
pathway. All Gibbs free energies are shifted to a pH of 11 and the
stated applied potential using the computational hydrogen elec-
trode (CHE) developed by Nørskov et al.67 and adapted by Chen
et al. for alkaline environments.68 The free energies of desorption
for aqueous nitrite and nitrate are derived from thermodynamic
cycles for their respective acids. The DFT-calculated electronic
energies and corresponding thermochemical corrections are pro-
vided in the Supporting Information.

While the current study is focused on the thermodynamic prop-

a b

c d

Ni2+: –𝞵BNi2+: +𝞵B O2–

λ

λ

𝜅

𝜅

(100)

λ !

Fig. 4 Top (a) and side (b) views of NiO(100) surface used in this study,
where a and b represent the pristine NiO surface used for the calculations.
A visual of the (111) AFM layering is represented by c and d.

erties of AOR on a NiO surface, we can identify thermodynami-
cally favorable pathways and potential-determining steps. Based
on Brønsted–Evans–Polanyi (BEP) relationship, we can relate the
thermodynamically limiting step with the rate-determining step,
as higher reaction free energy steps tend to exhibit higher acti-
vation barriers.69,70 Through this relation, identification of the
potential-determining step can provide an approximation to the
rate-limiting step.69,70 However, the absence of kinetic analysis
represents a limitation of this study and relying solely on ther-
modynamic data does not capture the entire catalytic behavior of
the NiO surface. Future studies involving kinetic modeling would
offer further understanding of the AOR mechanism and should be
investigated.

3 Results and Discussion

3.1 NiO Bulk Analysis

A comprehensive bulk analysis was performed to establish the
understanding of NiO and its properties. Calculating the band
gap, lattice parameter(s), and magnetic moment(s) is crucial to
accurately representing the material. Experimentally, NiO has
a band gap of 3.4 eV and a lattice parameter that ranges from
4.17-4.195 Å.71,72 The magnetic structure of NiO was previously
determined by neutron diffraction and found antiferromagnetic
(111) sheets.73 The antiferromagnetic layering of Ni atoms in
NiO can be seen in Fig. 4. Further, local magnetic moments of the
nickel atoms can range from 1.64 to 1.77 µB.74 The band gap,
lattice parameter, and local magnetic moment of the NiO bulk
structure has been calculated in a previous study by Rohrbach et
al.59 This previous study used various DFT methods to calculate
the bulk properties of NiO, including LSDA, SGGA, LSDA + U ,
and SGGA + U .59 It was found that a Hubbard U correctional
value of U = 6.3 eV is required to accurately represent NiO and
agree with NiO’s experimental bulk properties.71,72,74,75 The cur-
rent study investigated the effect of varying Hubbard U values on
the bulk properties which can be seen in Fig. 5. These results
agreed well with the trends seen in the research conducted by
Rohrbach et al.59 Through our calculations, using a value of U =
6.3 eV, resulted in bulk NiO to have a lattice parameter of 4.23 Å,
local magnetic moment of 1.76 µB, and a band gap of 3.35 eV, all
in reasonable agreement with experimental values.71,72,74,75

The Ni pourbaix diagram is shown in Fig. 6, highlighting the
thermodynamically stable phases across varying pH and poten-
tials.49 As previously stated, it can be seen that NiO, Ni(OH)2,
and NiOOH exist in regions where AOR catalysis can occur.49 By
investigating these Ni phases, it allows us to further understand
Ni-based materials as model surfaces for studying AOR catalysis.

3.2 NiO Surface Analysis

The NiO surface has been used for the investigation of adsorption
characteristics for various molecules including syngas.62,76–78

Specifically, the (100) facet is often used due to its thermody-
namic stability.79 By building on this understanding, our study
focuses on utilizing the NiO (100) surface to conduct the cataly-
sis. It has also been mentioned that the surface energies increase
in order of: (100), (110), and (111).79
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Fig. 5 Lattice constant (a), magnetic moment (m), and band gap (∆E)
calculated for the NiO surface using a range of Hubbard U values from
0–8. The Hubbard U value was chosen based on the closest match to
experimental values for the magnetic moment.74However, the calculated
band gap and lattice parameter also agree with experimental values of
NiO.
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Ni2 +
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NiOOH

NiO2
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Fig. 6 Density-functional theory (DFT) Ni Pourbaix diagram. The two
parallel broken lines indicate the potentials for the oxidation and reduction
of water. Adapted with permission from L.F.Huang, M.J.Hutchinson,
R.J.J.Santucci, J.R.Scully and J.M.Rondinelli, The Journal of Physical
Chemistry C, 2017, 121, 9782-9789. Copyright 2017 American Chemical
Society.49

Surface defects in the form of vacancies are commonly inves-
tigated as it can alter catalytic performance of the surface.80,81

Typically, investigations on vacancies look at the removal of oxy-
gen as metal vacancies require higher energy and could destabi-
lize the surface.80,81 Previous work done by Choueiri et al. on
β -NiOOH found that vacancies existed under AOR conditions.39

In their study, hydroxide vacancies were found to be favoured
below U = 0.69 VSHE, still within the range of interest of AOR,
while oxygen vacancies were formed at less positive potentials.39

Therefore, it was determined that investigating both vacancies
was crucial for understanding the catalysis of ammonia oxidation
on the surface of β -NiOOH.39

∗∗O+2H+(aq)+2e− → H2O(l)+ ∗∗ (14)

Building on these findings, the current study focuses solely on
oxygen vacancies and their ability to form under AOR conditions.
The chemical equation outlining the vacancy formation can be
seen in Eq. 14, where ∗∗O represents the intact surface (i.e. the
oxygen atom is still adsorbed to the future vacancy site) and ∗∗

represents the surface with an oxygen vacancy.
Free energies were obtained using DFT calculations of the pure-

surface and the vacancy-containing NiO. The reaction scheme for
determining the free energy of vacancy formation on NiO can be
seen in Eq. 15.

∆GO(pH,U) = (µH2O +E∗∗)− (E**O +µH2 −2eU −0.1183pH)

(15)
As shown in Fig. 7a, oxygen vacancy formation is only

favoured below USHE =−0.9 V for acidic environments, and be-
low USHE =−1.4 V for alkaline conditions. Typically, AOR occurs
with positive potentials and alkaline conditions, meaning that
oxygen vacancies are not expected to form on the pristine NiO
surface during catalysis. Therefore, unlike the case for β -NiOOH,
the pristine NiO surface is a sufficient model for catalysis investi-
gation on AOR.

Another surface alteration which may occur on the NiO surface
is the possibility of protonating the lattice oxygens, resulting in
surface hydroxylation. To assess this, a stability diagram was also
constructed to determine the possibility of equation 16, under
various electrochemical conditions.

∗∗O+H+(aq)+ e− → ∗∗OH (16)

As shown in Fig. 7b, similar to the vacancy formation, hydrox-
ylated lattice oxygen production becomes favorable with lower
potentials. Therefore, the hydroxylation surface alteration is not
expected to form under AOR conditions. However, when com-
paring the hydroxylation and vacancy formation on the surface,
it can be seen that at pH = 0, both alterations become favorable
at the same potential. However, as the pH increases, the vacancy
formation becomes the dominant alteration.

3.3 Site Testing

The (100) facet of NiO presents four different adsorption sites:78

Ni-atop, O-atop, bridge, and four-fold hollow, as seen in Fig. 8.
In order to determine the favourable pathway of AOR on NiO, ad-
sorption of the intermediate molecules were determined on the
four sites. The initial tests were performed using an atomic nitro-
gen atom to analyze adsorption behaviour. It was observed that
the Ni-atop site was the only location in which the atomic nitro-
gen did not chemically react with a surface oxygen atom. The
other three sites resulted in the formation of an NO intermedi-
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ate species along with an oxygen vacancy, thus resulting in alter-
nate reaction pathways. Based on this observation, it is important
to test the different intermediates and determine their reactivity
with the lattice oxygen. Further, a comparison between nitro-
gen adsorption on Ni atoms with different magnetic moments was
performed. Since a (111) AFM layering exists within the NiO sur-
face, it results in two different magnetic moment Ni atoms on the
(100) face. It was found that nitrogen adsorption on the Ni site
with a negative magnetic moment resulted in a lower energy by
0.25 eV, suggesting enhanced stability. The lowest energy adsorp-
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(a) Free energy of the NiO slab with one oxygen vacancy, where the vacancy

formation reaction energy is plotted as a function of potential at pH 0 and pH 14.
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Fig. 7 Surface stability diagrams of NiO under different surface alter-
ations. (a) and (b) show the free energy of oxygen vacancy formation and
lattice oxygen protonation, respectively. The surface stability diagrams
were plotted as a function of the applied potential at pH 0 and pH 14.
In both cases, the surface modifications become favorable at negative
potentials, outside of AOR conditions. This indicates that the pristine
NiO surface will remain stable during AOR.

tion sites for each species was determined and used to construct
the free-energy diagrams, allowing for a comprehensive under-
standing of the mechanistic pathways.

Unlike Ni-atop site tests, almost all of the intermediate
molecules did not adsorb in the O-atop site tests with the sole ex-
ception of the nitrogen atom, which formed the aforementioned
NO intermediate with a lattice oxygen atom. Approximately half
of the intermediate molecules from the the bridge site tests stayed
adsorbed, while most of the intermediate molecules from the
four-fold hollow site stayed adsorbed.

Hydrogen-containing intermediates that were unable to adsorb
during geometry optimization were repositioned with the hydro-
gen atoms brought to closer proximity to the lattice oxygens be-
fore rerunning the geometric optimization; for a majority of the
intermediates, the previously desorbed intermediates successfully
adsorbed to the NiO surface, indicative of hydrogen bonding play-
ing a key role in intermediate adsorption.

3.4 NiO Electrocatalysis
The FEDs in the subsequent sections were constructed using the
Gibbs free energies for each intermediate, referenced to the pris-
tine slab, NH3(g), H2(g), and H2O(l). Each FED uses the lowest
calculated adsorption free energy for each intermediate in each
reaction pathway.

3.4.1 Dintrogen-Containing Products

N2(g) has commonly been referred to as a primary product of
AOR. On the NiO surface, the adsorption of ammonia was calcu-
lated to be 0.12 eV. This energy differs from previous finidings on
Ni(OH)2 and NiOOH found by Choueiri et al., as the energy re-
quired for the adsorption on these surfaces is slightly more nega-
tive.36,39 Although the adsorption energy of ammonia on the NiO

1

2

3 4

(100)

1 2 3 4Ni-atop O-atopBridge Hollow

Fig. 8 Adsorption sites that were tested in this study. The (100) NiO
surface has four different sites: Ni-atop, bridge, O-atop, and a four-fold
hollow.
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Fig. 9 Free energy diagram of N2(g) formation from AOR coupling
through two ∗N intermediates (Oswin-Salomon mechanism).37 Equil-
brium (red trace) and limiting (blue trace) potentials are calculated using
the computational hydrogen electrode at pH 11.

surface is thermodynamically uphill under standard conditions,
the adsorption energy can vary due to concentration of the am-
monia precursor. With an increase in concentration of ammonia,
the chemical potential will also increase. As a result, the adsorp-
tion energy will become favored. Another important considera-
tion is the competitive adsorption with oxygen evolution reaction
(OER) intermediates as they may exist under similar oxidative
conditions. Understanding the competitive nature between these
two reactions is necessary to accurately predict NiO’s catalytic ac-
tivity under AOR conditions, which can be the topic for a future
study.

In order to investigate the preferred mechanism of AOR on
NiO, we will start by comparing the equilibrium (Ueq) and lim-
iting potentials (Ulim) required for both the Oswin-Salomon and
Gerischier-Mauerer mechanisms. As mentioned previously, the
O-S mechanism leads to the formation of dinitrogen through six
deprotonation steps before the coupling of the atomic nitrogen
atoms. Alternatively, the G-M mechanism will couple after any
deprotonation step of ammonia to form various coupled interme-
diates that will then undergo further deprotonation.

After calculating the free energies of each intermediate from
the O-S and G-M mechanisms of AOR, we are able to establish
the equilibrium (Ueq) and limiting potentials (Ulim). The FEDs
for the O-S and G-M mechanisms are seen in Fig. and 9 and 10,
respectively. In both cases, the initial deprotonation from ∗NH3

to ∗NH2 was found to be the potential determining step. Since
the Ulim is the same for both mechanisms, it can be determined
that both pathways are possible under the same applied potential.
However, looking further into the individual steps for both mech-
anisms, it can be determined that the G-M mechanism is slightly
favoured due to the second largest required applied potential. For
the O-S mechanism, the second highest required applied poten-
tial is seen to be ∗NH2 to ∗NH deprotonation step, which requires
1.04 eV. It is also worth mentioning that after each sequential de-
protonation step, the minimum applied potential decreases. In

Fig. 10 Free energy diagram of N2(g) formation from AOR coupling
through two ∗NH2 intermediates (Gerischer-Mauerer mechanism).38

Equilibrium (red trace) and limiting (blue trace) potentials are calcu-
lated using the computational hydrogen electrode at pH 11.

Apr 25

Fig. 11 Free energy diagram of hydrazine (N2H4) formed through the
coupling between two ∗NH2 intermediates. This mechanism avoids the
deprotonation steps to form ∗NH and ∗N. Energy of desorption is calcu-
lated to be −0.25 eV. Equilibrium (red trace) and limiting (blue trace)
potentials are calculated using the computational hydrogen electrode at
pH 11.

contrast, the second highest necessary applied potential in the
G-M mechanism is seen to be the deprotonation step from ∗NH2-
NH2 to ∗NH-NH2, with the potential only requiring 0.06 eV. This
difference suggests that, although both AOR mechanisms are pos-
sible to proceed under the same applied potential, the G-M mech-
anism is slightly favoured. Additionally, it was observed that the
desorption of ∗N2H4 off of NiO is energetically favourable, how-
ever, the deprotonation steps become lower in energy with the
applied potentials. These findings align with the previous studies
on NiOOH and Ni(OH)2, demonstrating that the AOR G-M mech-
anism is preferred on the nickel-based surfaces. However, the NiO
surface displays an earlier coupling step, between two ∗NH2 in-
termediates, compared to the previously studied surfaces, where
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Fig. 12 Free energy diagram of NO(g) formation. This pathway includes
the same initial steps of nitrite and nitrate formation, proceeding through
∗NH2OH. Steps towards ∗NH and ∗NHOH are bypassed as their energies
are less favoured. The desorption energy for NO(g) was calculated to be
−0.080 eV. This path Equilibrium (red trace) and limiting (blue trace)
potentials are calculated using the computational hydrogen electrode at
pH 11.

the coupling occurred through two ∗NH intermediates.36,39

An area worth investigating is the production of hydrazine. As
mentioned above, hydrazine is a product shown to be produced
through AOR on NiO. The thermodynamic equilibrium potential is
more positive in comparison to the dinitrogen formation. The lim-
iting potential, however, is consistent with dinitrogen, as the lim-
iting step remains as the first deprotonation from ∗NH3 to ∗NH2.
This suggests that hydrazine will form in competition with dini-
trogen under experimentally relevant potentials. The FED for the
formation of hydrazine can be seen in Fig. 11.

3.4.2 Nitric Oxide Formation

In order for nitrite and nitrate to be produced, the preferred path-
way is to proceed through NO. Since this is a common product
formed by Ni-based catalysts in the literature, it is an important
mechanistic step in determining the favoured pathway. The cal-
culated desorption energy for NO(g) is −0.080 eV, meaning that
NO is likely to be formed through the same applied potential.
It is worth mentioning that the hydroxylation of ∗NH2 to form
∗NH2OH is thermodynamically more favourable in comparison to
the deprotonation towards ∗NH, meaning that the hydroxylation
is likely to occur before the second deprotonation step. The FED
of NO on the pristine surface is seen in Fig. 12. Further, when in-
vestigating the formation of NO, it can also be seen that it can be
formed through the presence of the lattice oxygen, which will be
discussed in further detail in a later section. With this knowledge,
we tested each adsorbate in close proximity to the lattice oxygen
to see how they would behave.

3.4.3 Nitrite and Nitrate Formation

The formation of nitrite and nitrate species is also a possibility
in AOR. It has been seen on the surface that hydrogen bonds
between the intermediate products and the lattice oxygen’s are

necessary to promote adsorption and lower energies. Notably,
the adsorption of ∗NH2OH, ∗NO2H, and ∗NO3H were all strongly
influenced through the presence of hydrogen bonds with lattice
oxygen atoms. Without this additional factor of the hydrogen
bonds to stabilize the adsorption of the intermediates, they are
unable to adsorb on the surface in any other configuration.

After obtaining the most stable geometries of all intermediates,
we were able to construct the FEDs for the formation of nitrite
and nitrate seen in Fig. 13 and 14, respectively. Further, it can be

Apr 25

Fig. 13 Free energy diagram of NO2
– (aq) formation. This pathway

passes the deprotonation steps towards ∗NH and ∗N by hydroxylating
∗NH2 to form ∗NH2OH, which is energetically favourable. This pathway
proceeds through ∗NHO and ∗NO, instead of potential branches to form
∗NOH or ∗NHOOH. The final desorption step was calculated to be
0.027 eV. Equilibrium (red trace) and limiting (blue trace) potentials are
calculated using the computational hydrogen electrode at pH 11.

Apr 25

Fig. 14 Free energy diagram of NO3
– (aq) formation by proceeding

through the same mechanistic steps towards NO2
– (aq). After ∗NO2H is

formed, the mechanism branches towards ∗NO2 or ∗NO3H2, with the de-
protonation step being energetically preferred. The final desorption step
was calculated to be −0.029 eV. Equilibrium (red trace) and limiting
(blue trace) potentials are calculated using the computational hydrogen
electrode at pH 11.
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seen in Fig. 13, that the deprotonation of the oxygen atom on the
adsorbate is likely to occur before the deprotonation of the nitro-
gen atom. As per the rest of the mechanisms outlined in this re-
search, the limiting step remains consistent across the formation
of all by-products. However, in the case of nitrate formation, the
deprotonation step from ∗NO2H towards ∗NO2 exhibits a similar
limiting potential to the initial deprotonation from ∗NH3 to ∗NH2.
Although nitric oxide is a possible product due to its favourable
desorption energy as previously discussed, it is important to high-
light the competing mechanistic step to form ∗NO2H. With the
applied potential, it is likely that ∗NO will continue following the
oxygenated-pathway compared to it’s desorption.

To evaluate product formation on NiO, the desorption energies
of aqueous nitrite and nitrate were examined. In AOR conditions,
the desorption energy for nitrite was calculated to be 0.027 eV,
whereas the desorption energy of nitrate was calculated to be
−0.029 eV. This suggests that NO3

– (aq) is likely to be formed
and desorb from the surface under AOR conditions. Additionally,
at pH 14, the desorption energy of NO2

– (aq) becomes −0.15 eV,
meaning that production of nitrite is likely when the pH is in-
creased above AOR conditions. As a result, this reaction pathway
is likely to proceed towards nitrate formation as each step in the
reaction mechanism is downhill in energy with the applied limit-
ing potential, including the desorption of NO3

– (aq).

3.4.4 Nitrous Oxide Formation

The FED of N2O(g) formation on the pristine surface of NiO (Fig.
15) shows the most favorable pathway to N2O(g). As with the
other intermediates of AOR, the limiting step is the initial de-
protonation step from ∗NH3 to ∗NH2. Additionally, the hydrox-

Fig. 15 Free energy diagram of N2O(g) formation by proceeding through
the interaction between ∗NO and ∗N (Langmuir-Hinshelwood recombi-
nation). After ∗NH2OH is formed, the mechanism branches towards
∗NHOH or ∗NH2O, with the latter deprotonation step being energetically
preferred. This pathway requires the subsequent deprotonation steps to
form ∗N. Equilibrium (red trace) and limiting (blue trace) potentials are
calculated using the computational hydrogen electrode at pH 11. The
coupling between ∗NOH and ∗NH to avoid the thermodynamically un-
favourable chemical step of the proton transfer is shown as well (orange
trace).

ylation of ∗NH2 is thermodynamically favored compared to fur-
ther deprotonation to ∗NH for ∗NO formation. From this step,
there are different pathways leading N2O(g) formation. As pre-
sented in Fig. 2, ∗NH2OH can undergo two deprotonation steps
on the nitrogen atom to produce ∗NOH before coupling with
∗NH to form ∗HNNOH. While the formation of ∗HNNOH can be
achieved by the intramolecular proton transfer between ∗H2NNO
and ∗HNNOH,82 the absence of any electron transfer makes this
step independent of potential. Thus, the coupling between ∗NOH.
and ∗NH was considered to avoid this step. However, further de-
protonation steps from ∗HNNOH still require an applied poten-
tial to progress to N2O(g). In contrast, another pathway from
∗NH2OH is the deprotonation from the oxygen, which was found
to be more favorable compared to the previously discussed path-
way. From ∗NH2O, the subsequent deprotonation steps to ∗NO
are thermodynamically downhill in energy.

∗NO can couple with the AOR intermediates: ∗NH2 or ∗NH
prior to deprotonation to N2O(g).32 However, the thermodynam-
ics presented in Fig. 15 point to ∗N to be the most favoured inter-
mediate for ∗NO to couple with, indicating all deprotonation steps
occurring before the coupling of the two nitrogen atoms. In this
favoured pathway, ∗NO and ∗N undergo Langmuir-Hinshelwood
recombination to form N2O(g). Because N2O(g) is unable to ad-
sorb to the NiO surface based on our DFT calculations, we can
conclude that the coupling and desorption steps are concerted.
Furthermore, any further reactions that may involve N2O(g) are
unlikely to be catalyzed by NiO. Thus, the coupling of ∗NO and
∗N is a relatively novel pathway for N2O(g) formation, which has
been supported by other DFT studies.43

Apr 26

Fig. 16 Free energy diagram of NO(g), NO2
– (aq), and NO3

– (aq) for-
mation by proceeding through the interaction between ∗N-containing in-
termediates and the lattice oxygen, ∗∗Olat. It was calculated that the
energies of desorption for NO(g), NO2

– (aq), and NO3
– (aq) is +0.77,

+0.19, and −0.74 eV, respectively. Equilbrium (red trace) and limiting
(blue trace) potentials are calculated using the computational hydrogen
electrode at pH 11.
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3.4.5 Lattice Oxygen Pathways

The interaction between lattice oxygen found on NiO and the
adsorbates demonstrates alternative pathways towards interme-
diate oxygenated species. The presence of these lattice oxygen
could influence product selectivity and produce favourable reac-
tion mechanisms. All considered intermediates were tested for
their reactivity with the lattice oxygen by positioning the adsor-
bate in close proximity to the oxygen. It was found that the path-
way leading to nitrous oxide (N2O), did not involve through the
lattice oxygen through the interaction with the coupled interme-
diates. However, some possible reactions that could occur with
the lattice oxygen involve the interaction between oxygen and the
intermediates such as ∗N, ∗NH, and ∗NOH. These intermediates
were capable of coupling with the lattice oxygen to form ∗NO,
∗NHO, and ∗NO2H, respectively. As a result, the lattice oxygen is
removed in the surface and is now involved in the reaction path-
way. This reaction creates an oxygen vacancy, altering the NiO
surface. The formation of an oxygen vacancy can be described
using these general equations:

∗ad+ ∗∗Olat → ∗∗ad−Olat +
∗ (17)

∗∗ad−Olat → ad−O(g)+ ∗∗ (18)

Where ∗ad represents an adsorbed intermediate, ∗∗Olat repre-
sents the lattice oxygen in the site before the vacancy is formed,
∗∗ represents the surface with an oxygen vacancy, and ∗ repre-
sents the original site of adsorption. Due to the presence of the
lattice oxygen on the surface, it is important to investigate the
energies necessary for these pathways to occur. Comparison be-
tween these pathways allows us to determine if the lattice oxygen
play a stabilizing role in the overall AOR on NiO.

The FED for the formation of NO(g), NO−
2 (aq) and NO−

3 (aq)
was constructed and seen in Fig. 16. From this diagram, it can be
seen that these pathways share the limiting step as the rest of the
discussed mechanisms being the deprotonation of ∗NH3 to ∗NH2.
In contrast to the other pathways, further deprotonation towards
∗NH or ∗N is required to proceed through the lattice oxygen path-
ways as ∗NH2 was not seen to react with the lattice oxygen. How-
ever, once ∗NH is formed, it is highly favoured to react with the
lattice oxygen to form ∗NHO and proceed through the oxygenated
mechanism while in the presence of a vacancy. Further, these
FEDs reveal that the desorption energies of NO(g) and NO−

2 (aq)
are thermodynamically unfavourable due to their respective des-
orption energies of 0.70 eV and 0.025 eV. However, the desorption
energy of NO−

3 (aq) can be seen as favourable when in the pres-
ence of an oxygen vacancy in the lattice as the energy required
is −0.083 eV. This suggests that NO3

– (aq) is likely to be formed
through this mechanism.

4 Conclusion
Building upon previous studies in our research group which in-
vestigated nickel hydroxide and nickel oxyhydroxide surfaces, the
current work furthers our understanding on nickel-based catalysts
by focusing solely on nickel oxide in ammonia oxidation.

The NiO surface has shown to potentially release a variety

of products: N2(g), N2H4(g), NO(g), N2O(g), NO2
– (aq), and

NO3
– (aq). The first step to form all of these products is the

chemisorption of NH3(g) on the surface which requires +0.12 eV.
Although this step is thermodynamically uphill, the Gibbs energy
of adsorption can be controlled using different concentrations of
NH3(g). Further, all products have the same potential-limiting
step, which exists at the first deprotonation of ammonia from
∗NH3 to ∗NH2. The respective limiting potential for this step is
+1.25 V. for all products discussed in this work.

For dinitrogen formation, the NiO surface is shown to slightly
favour the G-M mechanism compared to the O-S mechanism. On
the NiO surface, the favoured coupling step occurs between two
∗NH2 intermediates to form ∗N2H4. It can be seen that the cou-
pling step between two ∗NH2 intermediates is considerably down-
hill compared to the subsequent deprotonation step towards ∗NH.
It is worth mentioning that the coupling step occurs earlier on
NiO surface compared to the previously studied surfaces in our
research group where coupling occurred between two ∗NH ad-
sorbates36,39, requiring an additional deprotonation step. There
is evidence that the formation of N2H4 on the surface could be
the final step in the reaction as the desorption could occur spon-
taneously since the energy is downhill, being −0.25 eV. The com-
peting reaction is the deprotonation towards ∗N2H3 which will
proceed to the desorption of dinitrogen.

Another route in which ammonia could take is the formation of
oxidized species. The first two steps remain the same as the dini-
trogen formation, through the initial chemisorption and the de-
protonation to ∗NH2. After this step, the hydroxylation towards
∗NH2OH is likely to occur before the deprotonation to ∗NH as
the energy is 1.21 eV. lower for the hydroxylation step. This hy-
droxylation step will then be followed by a subsequent deproto-
nation step before the nitrogen undergoes its general deprotona-
tion. This route remains the same for the formation of NO(g),
NO2

– (aq), and NO3
– (aq). When calculating their relative des-

orption energies, it can be seen that NO(g) and NO3
– (aq) have

favourable energies, whereas, under AOR conditions, NO2
– (aq)

has been calculated to have an unfavourable energy. This sug-
gests that through the oxygenated pathway, NO(g) and NO3

– (aq)
are likely products. However, due to intermediate energies in the
oxygenated-pathway, it is likely that ∗NO will proceed towards
∗NO2H instead of desorbing from the surface with the applied
potential. Additionally, all the steps leading to the formation of
N2O proceed downhill after the original limiting step, seen in all
cases.

Although production of NO(g) is a possibility, it can also in-
teract with AOR intermediates. The interaction on the surface
between ∗NO and ∗N can lead to the formation of N2O(g). How-
ever, while both ∗NO and ∗N are possible to be made on the
surface at the applied potential, they are likely to undergo sub-
sequent oxidation steps. This decreases the likelihood of their
coexistence and makes the formation of N2O(g) unlikely. NiO is
able to initiate new reaction pathways not seen in the hydroxide
or oxy-hydroxide surfaces, through the interactions between the
lattice oxygen and the intermediates. Through DFT calculations,
it has been shown that ∗NH, ∗N, and ∗NOH can couple with a
lattice oxygen to form ∗NHO, ∗NO, and ∗NO2H respectively. Al-
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though spontaneous oxygen vacancy formation during AOR con-
ditions is not favoured on the NiO surface, the involvement of
intermediates with the lattice oxygen allows the surface to create
oxygen vacancies. Further, this pathway is likely to proceed to
the desorption of NO3

– (aq) as the desorption energies of NO(g)
and NO2

– (aq) are both unfavoured as the desorption energies
are 0.71 and 0.025 V, respectively.

While this research is focused solely on the catalytic activity
of pristine NiO, a future direction that is worth investigating is
the role of metal dopants. Previous studies have shown that dop-
ing NiO with noble metals such as Pt or Pd, could enhance the
catalytic activity of the surface.83,84 Such modifications and com-
parisons to the current work will allow for valuable insight into a
more detailed understanding of NiO’s catalytic ability on AOR.

These findings help further our understanding of AOR on
nickel-based and metal oxide catalysts. These insights will guide
the design of more efficient and selective AOR catalysts for use in
various applications.
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