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In this review, we present the recent progress in ammonia
synthesis research using density functional theory (DFT)
calculations on various industrial catalysts, metal nitrides
and nano-cluster-supported catalysts. The mechanism of
ammonia synthesis on the industrial Fe catalyst is generally
accepted to be a dissociative mechanism. We have recently
found, using DFT techniques, that on Co3Mo3N (111)
surfaces, an associative mechanism in the synthesis of ammonia
can offer a new low-energy pathway that was previously
unknown. In particular, we have shown that metal nitrides
that are also known to have high activity for ammonia
synthesis can readily form nitrogen vacancies which can
activate dinitrogen, thereby promoting the associative
mechanism. These fundamental studies suggest that a
promising route to the discovery of low-temperature
ammonia synthesis catalysts will be to identify systems that
proceed via the associative mechanism, which is closer to the
nitrogen-fixation mechanism occurring in nitrogenases.
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1. Introduction

The industrial synthesis of ammonia is reportedly the second largestmajor-scale chemical synthesis currently
performed bymankind [1]. Due to the immense industrial importance of understanding and optimizing this
reaction, it is has been the central focus ofmuch research [2–10]. Progress is needed for the production of green
ammonia using H2 derived from sustainable sources on a localized scale using catalysts which operate at
lower pressures, since currently about 2% of the global annual energy supply is required to produce
ammonia industrially [11]. Moreover, it is argued that with the integration of ammonia as a fuel in new
applications (e.g. maritime transport), the global need for efficient ammonia production will become even
more important [12,13]. Ammonia can be used in internal combustion engines with minor modifications
[14] and the first use of liquid anhydrous ammonia as a fuel for motor buses took place in Belgium (1943)
[15]. Complete combustion of ammonia produces inert gases according to the following chemical reaction:

4NH3 þ 3O2 ! 2N2 þ 6H2O: ð1:1Þ
Fixed nitrogen from the Haber–Bosch (H–B) process is also used for the production of biofuels and

bioenergy through the use of fertilizers; bioenergy contributes 10% of the global energy requirement,
whereas biofuels contribute 1.5% [11].

Nonetheless the most significant current use of ammonia is in the manufacture of fertilizers, which
sustains 40% of the global food production and which accounts for the use of 85% of synthetically
produced ammonia. The remaining 15% of the ammonia synthesized is used in various industrial
applications including the manufacture of polymers, refrigeration fluids and as a reducing agent for
emission control in de-NOx technologies [16].

In figure 1, we present the simplifiedH–B process used industrially to produce ammonia. The source of
hydrogen is usually natural gas but coal and liquid fuels are also used, with sustainably derived hydrogen
proving a contemporary focus of attention. These carbon-containing feedstocks can be transformed via
steam reforming reactions to hydrogen (H2) and carbon monoxide (CO) (Reaction A). Hydrogen is
partially used to remove the oxygen in atmospheric air in order to form a pure feedstream of nitrogen
(N2) (Reaction B). Finally, nitrogen and hydrogen are combined over promoted Fe catalysts at high
temperatures (400–500°C) and pressures (100–200 atm) in order to produce ammonia (Reaction C). The
high temperature is required to make the reaction kinetics fast; however, the reaction is exothermic,
which shifts the equilibrium of Reaction C towards the reactants, thereby limiting the conversion. This
effect is counterbalanced by the use of high pressure, which shifts the reaction towards the products
according to Le Chatelier’s principle, suggesting that if the reaction can operate at lower temperatures
then the pressure requirement would be reduced while still obtaining reasonable yields.

A significant number of research articles have recently been published reporting the electrochemical
reduction of N2 to NH3 which can operate at ambient temperature; however, the discovery of an
electrocatalyst with high selectivity remains a challenge [17] although significant progress has been
recently made [18]. Skúlason et al. have made a thorough computational, density functional theory
(DFT) study of various transition-metal electrocatalysts in order to predict the theoretical overpotential
required to drive nitrogen reduction [19]. The most active surfaces for the electrocatalytic reduction of
N2 were found to be those of Mo, Fe, Rh and Ru.

Computationalmodelling is nowwidely used in probing structure andmechanism at themolecular level
in catalytic systems.Modelling the ammonia synthesismechanisms is challenging as there are thepossibilities
of associative (where H orH2 reacts with adsorbedN2) and dissociative (where H orH2 reacts with adsorbedN
species) pathways [20–22]. The associative mechanism could also proceed via an Eley–Rideal/Mars–van
Krevelen mechanism where H2 reacts directly with end-on activated N2 at nitrogen vacancies apart from
the conventional Langmuir–Hinshelwood mechanism [21,22]. In this review, we present a comparative
analysis of the various mechanisms for ammonia synthesis that have been modelled computationally in
recent years in order to address the similarities of the various proposed mechanisms and present the main
features of the thermo-catalytic and electrocatalytic ammonia synthesis mechanism.
2. Systems and mechanisms
2.1. Catalysts active for thermochemical ammonia synthesis
The currentlyused catalyst for theH–Bprocess is anFe-K2O-Al2O3 catalyst, although some industrial plants now
use a graphite-supported alkali/alkaline earth-promoted Ru catalyst which operates at milder conditions [23].
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Figure 1. Simplified schematic showing some of the basic steps of the industrial H–B process involving steam reforming of methane
as the source of H2.
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Another catalyst that is active for ammonia synthesis is Co3Mo3N based on the pioneering work of
Kojima & Aika [24] and Jacobsen [25] especially when it is promoted with a Cs dopant [24,26] but is
currently not used industrially.

There are also supported metal ammonia synthesis catalysts that have been recently screened, and in
a comparison of a number of systems, Ru/Al2O3 was observed to have comparatively high activity
followed by supported Os and CoRe catalysts [27].

2.2. N2 adsorption, activation and dissociation on Fe(111) and Ru(0001)
Several detailed computational studies of the adsorption, activation and dissociation of N2,
complementing experiment have been reported in order to determine the activation barrier of this
elementary step and to understand the structure of the adsorbates prior to and after the surface
reaction. Many of these studies focused on the most reactive surface of iron which is the (111) surface.
The adsorption and dissociation of N2 on Fe(111) was studied by Mortensen et al. in a detailed DFT
study [28] which showed the existence of four different molecularly adsorbed states of N2 of which
one is a precursor to the dissociation. The Ru(0001) surface was reported to adsorb N2 in an end-on
configuration which rotated to the side-on molecularly adsorbed state, which then dissociated into
two HCP adsorption sites [29]. These DFT studies were significant precursor studies to the studies
that subsequently modelled the complete reaction mechanism.

2.3. Mechanism of ammonia synthesis on Fe and Ru
The generally accepted mechanism for ammonia synthesis on Fe is known from experiment, and it is a
Langmuir–Hinshelwood mechanism in which the first step is also the rate-determining step (RDS) [30],

N2(g) þ 2� ! 2N�(RDS)
H2(g) þ 2� O 2H�

N� þ H� ONH� þ �

NH� þ H� ONH2
� þ �
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� þ �
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Figure 2. Simplified schematic of dissociative mechanism for ammonia synthesis on Ru(0001) surfaces according to the work of
Logadóttir & Nørskov [31]. Reaction starts at the asterisk.
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where the lone � represents a vacant surface site. Notice that all reaction steps are in equilibrium apart
from the dinitrogen dissociation step. In this mechanism, dissociation of the triple bond in dinitrogen is
very energy intensive and therefore the high-pressure/temperature requirements of the currently used
industrial catalyst. This mechanism is a dissociative mechanism and is the one accepted for the two

currently used industrial catalyst Fe and Ru.
2.4. Ammonia synthesis mechanism on Ru
Ruthenium is a more active catalyst for ammonia synthesis than iron, [31] but ruthenium is more
expensive, and it has a shorter lifetime than the Fe catalyst [32]. A non-dissociative mechanism for
ammonia synthesis instead of the conventional dissociative pathway at a stepped site on lithium-
doped ruthenium nanoparticles was modelled by Zheng et al. [33]. Logadóttir & Nørskov [31]
investigated via DFT calculations, the mechanism of ammonia synthesis (shown in figure 2) on flat,
and stepped ruthenium (0001) surfaces. They find that, as with the iron catalyst, the RDS is the
dissociation of N2, which was calculated to have a lower barrier at steps. They modelled a mechanism
that is the same as the one occurring on iron. Furthermore, this computational study suggested that
the promotion of reactants by alkali metals takes place by stabilizing the transition state of N2

dissociation and by destabilizing the �NH species on the surface of the catalyst. The dissociative
mechanism that was modelled (figure 2) is that of a typical Langmuir–Hinshelwood mechanism in
which N2 adsorbs dissociatively followed by the dissociation of three H2 forming �N and �H species,
respectively. These species are co-adsorbed on the surface of the catalyst in positions that allow the
reaction of �H with �N. In the next step, hydrogen atoms are added to nitrogen atoms forming first
�NH, then �NH2 and finally �NH3 which desorbs from the catalytic surface. After the desorption of
the first NH3, the remaining �N is hydrogenated via a similar process to the previous step, in order to
form a second NH3 molecule. The intermediates �N and �H both are adsorbed at FCC sites, which is
in agreement with low-energy electron diffraction study coupled to DFT [34]. �NH adsorbs at an HCP
site and reacts with additional H to form �NH2 which moves to a bridge site. The ammonia that is
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formed is adsorbed to an on-top site through its lone electron pair. The barriers for the hydrogenation
steps have been found to be similar. In particular, the first hydrogenation step has a barrier of
1.2 eV molecule−1, increasing by 0.1 eV per hydrogen atom added [31]; these results are in good
agreement with those of Zhang et al. [35].
2.5. Ammonia synthesis mechanism on Fe(111) and Fe(211) reconstructed
The ammonia synthesis mechanism on Fe(111) [36] and Fe(211) [37] was modelled by Qian et al. and
Fuller et al., respectively, and the initial step was found to be side-on adsorption of dinitrogen that
dissociates through a high barrier elementary reaction step, forming adsorbed nitrogen at threefold
hollow iron sites. The dissociation of N2 in the first step of the reaction mechanism indicates that it is
again a dissociative mechanism in agreement with the mechanism known for Fe(111) and other iron
surfaces [30]. Hydrogen dissociatively adsorbs forming adsorbed atomic hydrogen �H and >NH
species. These >NH species undergo further hydrogenation with atomic hydrogen forming first NH2

species and then NH3, which desorbs from the surface of the catalyst. The second hollow-bound
nitrogen reacts with the surface hydrogen atoms from >NH. A third hydrogen molecule dissociatively
adsorbs upon the catalyst surface and starts hydrogenating >NH, forming first >NH2 that is bridge-
bound and subsequently adsorbed -NH3, which then desorbs from the surface regenerating the
catalytic site of Fe(111) and reconstructed Fe(211). A summary of the mechanism is illustrated in figure 3.

The authors of the investigations of the ammonia synthesis mechanism on Fe(111) [36] and Fe(211)
[37] compared their calculated barriers to the experimentally determined barrier. In particular,
Strongin et al. [38] report for the temperature-programmed desorption of ammonia from Fe(111) a
desorption barrier of 0.82 eV, which Qian et al. [36] calculate to be between 0.89 and 1.00 eV.
Furthermore, the calculated barrier for NHx dexydrogenation (�NHx → �NHx-1+�H) ranges from 0.53
to 0.63 eV; the barrier for NH3 desorption ranges from 0.76 to 0.87 eV; the barrier of N2 dissociation is
calculated as 1.27 eV and the barrier for N-adatom recombination is 2.04 eV [36]. The last value,
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which is 47 kcal mol−1 (2.04 eV), compares very well with the experimental value that Ertl et al. [39,40]
determined on polycrystalline Fe wires, which was found to be 45 ± 5 kcal mol−1.

2.6. Ammonia synthesis mechanism on Co3Mo3N
The present authors have investigated in detail twomechanisms [21,22] of ammonia synthesis on Co3Mo3N-
(111) surfaces forwhich the lower energy pathway is depicted in figure 4, and the potential energy diagram is
given in figure 5. It is an associative Eley–Rideal/Mars–van Krevelen mechanism which happens at surface
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nitrogen vacancies of threefold bound nitrogen. Gas phase nitrogen chemisorbs in an end-on configuration,
which then further reacts with hydrogen, coming directly from the gas phase. The direct reaction of pre-
activated N2 had not previously been considered in the mechanism of ammonia synthesis for metal
nitrides. Furthermore, in this associative mechanism, the activated N2 first becomes hydrogenated, which
weakens considerably the strong N–N triple bond. The hydrogenation forms >NNH2, which is an
intermediate also found in the biological nitrogen-fixation mechanism (>NNH2, similar to Mo=NNH2 [41]
and Fe–NNH2 [42]), which explains the high activity of Co3Mo3N for ammonia synthesis, even at lower
temperatures. After the first hydrogenation step, which has a low barrier (71 kJ mol−1), a second molecular
hydrogen can adsorb at the nearby position on the Mo3N framework. The molecular hydrogen dissociates
reacting with >NNH2 and forming >NNH3 and atomic H species. The diazane-like intermediate
decomposes readily in a low-energy barrier process (18 kJ mol−1) to form NH3(g) and atomic N which
remains adsorbed to the threefold hollow of the Mo3 site. The remaining atomic H at the active site reacts
with atomic N forming >NH, in a moderate barrier process of 123 kJ mol−1. Additional H2 adsorbs to the
active site of the catalyst forming a bridged-bound-like intermediate −NH2, in a low-barrier step of
52 kJ mol−1. −NH2 reacts with atomic H species in a 159 kJ mol−1 barrier process, to form surface-
adsorbed ammonia, −NH3. This surface-adsorbed ammonia is very strongly bound to the active site of the
catalyst making its strongly edothermic desorption energy of 204 kJ mol−1, the RDS of the mechanism of
ammonia synthesis on Co3Mo3N(111) surfaces [21,22].

2.7. Ammonia synthesis mechanism on a θ-Al2O3-supported Fe3 catalyst
There are also DFT studies of the mechanism of ammonia synthesis on supported metal clusters [43]. These
havealso lookedat anassociativemechanism.These calculations showthatdinitrogen isactivated ina side-on
configuration on three Fe atoms, each iron forming a bridged bondwith the nitrogen atoms (figure 6). Due to
the highly uncoordinated structure of the supported Fe3 cluster, H2 adsorbs dissociatively at two bridged >H
adsorption sites. The activated >NN< forms a chemical bondwith one of the bridged >H, forming >NNH<,
which subsequently dissociates to adsorbed atomic nitrogen >N and >NH. The authors investigated other
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hydrogenation pathways that lead to the formation of >HNNH<and >NNH2, but they indicate that these
intermediates may be important in homogeneous catalysis and the enzymatic mechanism [44–47]. In the
following step, the second bridged >H reacts with the adsorbed >N, forming a second >NH intermediate.
After this step, another H2 dissociatively adsorbs to the Fe3 cluster forming two more bridged >H species.
These bridged >H species react with >NH forming two bridged adsorbed >NH2 species. Subsequently,
another H2 reacts with the cluster forming two adsorbed bridged >H species. These >H species react with
the >NH2 species forming first adsorbed −NH3, which desorbs followed by the hydrogenation on the
second >NH2, resulting in a second −NH3. This NH3 desorbs from the surface freeing the catalytic site of
the Fe3-θ-Al2O3 (010) catalyst.

The adsorption and activation of dinitrogen on the Fe3 clusters is exothermic by −0.75 eV. The first
barrier for hydrogenation is 0.98 eV forming >NNH. The >NNH< intermediate migrates from the Fe3
cluster to the Fe3-θ-Al2O3 interface with a barrier of 0.45 eV in a structure in which N is coordinated
by two Fe atoms and >NH by a Fe atom and an Al ion. The >NNH< intermediate dissociates to >NH
and threefold bound nitrogen in a 0.45 eV barrier process. The second hydrogenation step has a
barrier of 1.11 eV forming two >NH species, which is followed by H2 adsorption which is exothermic
by −0.61 eV. The barriers for conversion of >NH to >NH2 are 1.32 and 1.22 eV, which is followed by
another exothermic adsorption of H2, which is −1.02 eV. The barrier for the step going from >NH2 to
−NH3 is 0.61 eV, followed by an endothermic step for ammonia desorption of 1.01 eV. The last
hydrogenation step has a barrier of 1.32 eV followed by endothermic desorption of NH3 which is 0.99 eV.
2.8. Mechanism of the electrochemical synthesis of ammonia on stepped Ru
Back & Jung [48] showed that on Ru-stepped surfaces, the electrochemical mechanism for ammonia
synthesis follows an associative reaction mechanism. In this mechanism, dinitrogen becomes activated
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in an end-on configuration which receives hydrogen proton from the solution forming >NNH. In their

mechanism, they also considered elementary steps that undergo dissociation of the N–N bond at
different stages of hydrogenation for species such as >NNH2, >HNNH<, >NH2NH< and >NH2NH2<
but found that the lowest energy pathway is when >NNH2 dissociates to >NH2 and threefold hollow
adsorbed �N. The >NH2 species and �N obtain an H+ from the solution, forming bridged >NH2 and
threefold hollow-bound >NH. In a subsequent hydrogenation step, >NH2 reacts with H+ forming on-
top bound −NH3. This elementary reaction repeats for the second >NH2 forming two −NH3 species
on the step of the Ru catalyst. These two −NH3 species later desorb from the surface of the catalyst in
two consecutive steps regenerating the active site at the step of Ru. Figure 7 provides a diagrammatic
summary of the mechanism.

The energetic barriers for these elementary reaction steps were also calculated. In particular, they find
that the dissociation barrier of activated N2 to atomically adsorbed �N is 1.69 eV. The corresponding
barrier for >NNH< dissociation to �N and >NH was found to be lower, 1.45 eV. The dissociation
barrier for >HNNH< to two >NH was found to be even lower, 1.36 eV. Interestingly, the lowest
barrier was found to be the dissociation of >NNH2< to atomically adsorbed �N and >NH2 which was
only 0.20 eV. A barrier of 0.52 eV was found for the dissociation of >NHNH2< to >NH and >NH2.
Finally, a very low barrier was found for the fully hydrogenated species >NH2NH2<, which
decomposes to two bridged-bound >NH2 at the Ru step. Interestingly the elementary step in which
the dissociation of >NNH2< happens is the lowest energy pathway on the potential energy diagram of
the mechanism, which indicates that the mechanism is an associative mechanism in which the >NNH2<
intermediate dissociates to form >NH2 and threefold bound N species.
2

3. Conclusion
Examination of the DFT calculated reaction mechanisms of various pathways in the thermochemical and
electrochemical ammonia synthesis has certainly enhanced our understanding of the elementary reaction
steps. There are several similar features that we find by comparative analysis of this mechanism, which
could become future directions of computational and experimental studies of the ammonia synthesis
reaction mechanism:

1. Consideration of associative mechanisms of ammonia synthesis in certain systems can lead to the
suggested occurrence of new lower energy pathways for ammonia synthesis that are closer to the
nitrogen-fixation mechanisms occurring in nitrogenases.

2. There are certain common intermediates such as the threefold hollow-bound �N, the bridged bond >NH2

and on-top bond −NH3 that can be found in the mechanisms investigated on Fe, Ru and Co3Mo3N
surfaces and clusters.

3. Certain new intermediates such as >NNH2 and >NNH3 are found in the associative mechanism for
ammonia synthesis on Co3Mo3N which need to be confirmed spectroscopically.

4. The barrier for NH3 formation from >NNH3 is very low compared with the barrier of NH3 desorption
from Co3Mo3N.

5. When the mechanism follows an associative pathway, the RDS may become the desorption of NH3

from the catalyst active site.

Overall, although it is generally accepted that the mechanism of ammonia synthesis on the two main
industrial catalysts Fe and Ru is a dissociative mechanism, there is increasing evidence from DFT
calculations that on systems such as Co3Mo3N and stepped Ru surfaces as well as on small clusters of
Fe3 on alumina, in the thermochemical catalytic cycle of ammonia synthesis and the mechanism of
electrochemical synthesis of ammonia on Ru surfaces, the mechanism follows an associative pathway.
This pathway is generally operative in the enzymatic catalysts, and it would be interesting to see
whether there are heterogeneous catalytic systems that follow this mechanism that may produce
ammonia at lower temperatures and pressures.

Data accessibility. This article has no additional data.
Authors’ contributions. C.D.Z.-Y. planned and carried out most of the simulations and drafted the manuscript. J.S.J.H. edited
and revised the manuscript and formulated some of the ideas. S.L. edited and revised the manuscript and formulated
some of the ideas. C.R.A.C. conceived the research topic, supervised the project, edited and revised the manuscript.
Competing interests. We declare we have no competing interests.
Funding. The authors acknowledge financial support from EPSRC (grant nos. EP/L026317/1 and EP/L02537X/1). The
authors acknowledge EPSRC-funded computer resources (grant no. EP/L000202/1) at ARCHER UK National



10
Supercomputing Service (http://www.archer.ac.uk) received via our membership of the UK’s HPC Materials
Chemistry Consortium.
 royalsocietyp
References
ublishing.org/journal/rsos
R.Soc.Open

Sci.8:210952
1. Wang K, Smith D, Zheng Y. 2018 Electron-driven
heterogeneous catalytic synthesis of ammonia:
current states and perspective. Carbon Resour.
Convers. 1, 2–31. (doi:10.1016/j.crcon.2018.06.004)

2. Ertl G. 1980 Surface science and catalysis—
studies on the mechanism of ammonia
synthesis: the P. H. Emmett Award address.
Catal. Rev. 21, 201–223.

3. Spencer ND, Schoonmaker RC, Somorjai GA.
1982 Iron single crystals as ammonia synthesis
catalysts: effect of surface structure on catalyst
activity. J. Catal. 74, 129–135. (doi:10.1016/
0021-9517(82)90016-1)

4. Ponec V, Knor Z. 1968 On the forms of nitrogen
adsorbed on iron. J. Catal. 10, 73–82. (doi:10.
1016/0021-9517(68)90225-X)

5. Dumesic JA, Topsøe H, Boudart M. 1975 Surface,
catalytic and magnetic properties of small iron
particles: III. Nitrogen induced surface
reconstruction. J. Catal. 37, 513–522. (doi:10.
1016/0021-9517(75)90186-4)

6. Scholten JJF, Zwietering P, Konvalinka JA, de
Boer JH. 1959 Chemisorption of nitrogen on iron
catalysts in connection with ammonia synthesis.
Part 1.—The kinetics of the adsorption and
desorption of nitrogen. Trans. Faraday Soc. 55,
2166–2179. (doi:10.1039/TF9595502166)

7. Boudart M. 1981 Kinetics and mechanism of
ammonia synthesis. Catal. Rev. 23, 1–15.
(doi:10.1080/03602458108068066)

8. Stoltze P, Nørskov JK. 1985 Bridging the
‘Pressure Gap’ between ultrahigh-vacuum
surface physics and high-pressure catalysis.
Phys. Rev. Lett. 55, 2502–2505. (doi:10.1103/
PhysRevLett.55.2502)

9. Haber F. 1922 Über die Darstellung des
Ammoniaks aus Stickstoff und Wasserstoff.
Naturwissenschaften 10, 1041–1049. (doi:10.
1007/BF01565394)

10. Haber F. 1923 Bemerkung zu vorstehender
Notiz. Naturwissenschaften 11, 339–340.
(doi:10.1007/BF01551853)

11. Erisman JW, Sutton MA, Galloway J, Klimont Z,
Winiwarter W. 2008 How a century of ammonia
synthesis changed the world. Nat. Geosci. 1,
636. (doi:10.1038/ngeo325)

12. Zamfirescu C, Dincer I. 2008 Using ammonia as
a sustainable fuel. J. Power Sources 185,
459–465. (doi:10.1016/j.jpowsour.2008.02.097)

13. Cinti G, Frattini D, Jannelli E, Desideri U, Bidini
G. 2017 Coupling solid oxide electrolyser (SOE)
and ammonia production plant. Appl. Energy
192, 466–476. (doi:10.1016/j.apenergy.2016.
09.026)

14. Garabedian CG, Johnson JH. 1965 The theory of
operation of an ammonia burning internal
combustion engine. Michigan, USA: US Army tank-
automotive center. See https://apps.dtic.mil/sti/
citations/AD0634681 (accessed 31/05/2021).

15. NH3 Fuel Association. 2020 Introduction to NH3
fuel. See https://nh3fuelassociation.org/
introduction/ (accessed 31/05/2021).
16. Brightling J. 2018 Ammonia and the fertiliser
industry: the development of ammonia at
Billingham. Johnson Matthey Technol. Rev. 62,
32–47. (doi:10.1595/205651318X696341)

17. Montoya JH, Tsai C, Vojvodic A, Nørskov JK.
2015 The challenge of electrochemical ammonia
synthesis: a new perspective on the role of
nitrogen scaling relations. Chem. Sus. Chem. 8,
2180–2186. (doi:10.1002/cssc.201500322)

18. Andersen SZ et al. 2019 A rigorous
electrochemical ammonia synthesis protocol
with quantitative isotope measurements. Nature
570, 504–508. (doi:10.1038/s41586-019-
1260-x)

19. Skúlason E, Bligaard T, Gudmundsdóttir S, Studt
F, Rossmeisl J, Abild-Pedersen F, Vegge T,
Jónsson H, Nørskov JK. 2012 A theoretical
evaluation of possible transition metal electro-
catalysts for N2 reduction. Phys. Chem. Chem.
Phys. 14, 1235–1245. (doi:10.1039/
C1CP22271F)

20. Garden AL, Skúlason E. 2015 The mechanism of
industrial ammonia synthesis revisited:
calculations of the role of the associative
mechanism. J. Phys. Chem. C 119,
26 554–26 559. (doi:10.1021/acs.jpcc.5b08508)

21. Zeinalipour-Yazdi CD, Hargreaves JSJ, Catlow
CRA. 2015 Nitrogen activation in a Mars–van
Krevelen mechanism for ammonia synthesis on
Co3Mo3N. J. Phys. Chem. C 119, 28 368–
28 376. (doi:10.1021/acs.jpcc.5b06811)

22. Zeinalipour-Yazdi CD, Hargreaves JSJ, Catlow
CRA. 2018 Low-T mechanisms of ammonia
synthesis on Co3Mo3N. J. Phys. Chem. C 122,
6078–6082. (doi:10.1021/acs.jpcc.7b12364)

23. Boudart M, Ertl G, Knözinger H, Weitkamp J.
1997 Handbook of heterogeneous catalysis.
Weinheim, Germany: Wiley-VCH.

24. Kojima R, Aika K-I. 2001 Cobalt molybdenum
bimetallic nitride catalysts for ammonia
synthesis: part 1. Preparation and
characterization. Appl. Catal. A 215, 149–160.
(doi:10.1016/S0926-860X(01)00529-4)

25. Jacobsen CJH. 2000 Novel class of ammonia
synthesis catalysts. Chem. Commun. 12,
1057–1058. (doi:10.1039/b002930k)

26. Jacobsen CJH, Dahl S, Clausen BS, Bahn S,
Logadottir A, Nørskov JK. 2001 Catalyst design
by interpolation in the periodic table: bimetallic
ammonia synthesis catalysts. J. Am. Chem. Soc.
123, 8404–8405. (doi:10.1021/ja010963d)

27. Daisley A, Hargreaves JSJ, Hermann R, Poya Y,
Wang Y. 2020 A comparison of the activities of
various supported catalysts for ammonia
synthesis. Catal. Today 357, 534–540. (doi:10.
1016/j.cattod.2019.06.009)

28. Mortensen JJ, Hansen LB, Hammer B, Nørskov
JK. 1999 Nitrogen adsorption and dissociation
on Fe(111). J. Catal. 182, 479–488. (doi:10.
1006/jcat.1998.2364)

29. Mortensen JJ, Morikawa Y, Hammer B, Nørskov
JK. 1997 Density functional calculations of
N2Adsorption and dissociation on a Ru(0001)
surface. J. Catal. 169, 85–92. (doi:10.1006/jcat.
1997.1661)

30. Ertl G, Jennings JR (ed.). 1991 Catalytic
ammonia synthesis, pp. 109–132. New York,
NY: Plenum.

31. Logadóttir Á, Nørskov JK. 2003 Ammonia
synthesis over a Ru(0001) surface studied by
density functional calculations. J. Catal. 220,
273–279. (doi:10.1016/S0021-9517(03)00156-8)

32. Jacobsen CJH, Dahl S, Hansen PL, Törnqvist E,
Jensen L, Topsøe H, Prip DV, Møenshaug PB,
Chorkendorff I. 2000 Structure sensitivity of
supported ruthenium catalysts for ammonia
synthesis. J. Mol. Catal. A 163, 19–26. (doi:10.
1016/S1381-1169(00)00396-4)

33. Zheng J et al. 2019 Efficient non-dissociative
activation of dinitrogen to ammonia over
lithium-promoted ruthenium nanoparticles at
low pressure. Angew. Chem. Int. Ed. 58,
17 335–17 341. (doi:10.1002/anie.201907171)

34. Schwegmann S, Seitsonen AP, Dietrich H,
Bludau H, Over H, Jacobi K, Ertl G. 1997 The
adsorption of atomic nitrogen on Ru(0001):
geometry and energetics. Chem. Phys. Lett. 264,
680–686. (doi:10.1016/S0009-2614(96)01394-2)

35. Zhang C, Liu ZP, Hu P. 2001 Stepwise addition
reactions in ammonia synthesis: a first principles
study. J. Chem. Phys. 115, 609–611. (doi:10.
1063/1.1384008)

36. Qian J, An Q, Fortunelli A, Nielsen RJ, Goddard
WA. 2018 Reaction mechanism and kinetics for
ammonia synthesis on the Fe(111) surface.
J. Am. Chem. Soc. 140, 6288–6297. (doi:10.
1021/jacs.7b13409)

37. Fuller J, Fortunelli A, Goddard III WA, An Q.
2019 Reaction mechanism and kinetics for
ammonia synthesis on the Fe(211)
reconstructed surface. Phys. Chem. Chem.
Phys. 21, 11 444–11 454. (doi:10.1039/
C9CP01611B)

38. Strongin DR, Carrazza J, Bare SR, Somorjai GA.
1987 The importance of C7 sites and surface
roughness in the ammonia synthesis reaction
over iron. J. Catal. 103, 213–215. (doi:10.1016/
0021-9517(87)90109-6)

39. Ertl G, Huber M. 1980 Mechanism and
kinetics of ammonia decomposition on iron.
J. Catal. 61, 537–539. (doi:10.1016/0021-
9517(80)90403-0)

40. Ertl G, Huber M, Lee SB, Paál Z, Weiss M. 1981
Interactions of nitrogen and hydrogen on iron
surfaces. Appl. Surf. Sci. 8, 373–386. (doi:10.
1016/0378-5963(81)90092-1)

41. Rittle J, Peters JC. 2016 An Fe-N2 complex that
generates hydrazine and ammonia via Fe =
NNH2: demonstrating a hybrid distal-to-
alternating pathway for N2 reduction. J. Am.
Chem. Soc. 138, 4243–4248. (doi:10.1021/jacs.
6b01230)

42. Del Castillo TJ, Thompson NB, Peters JC. 2016 A
synthetic single-site Fe nitrogenase: high

http://www.archer.ac.uk
http://www.archer.ac.uk
http://dx.doi.org/10.1016/j.crcon.2018.06.004
http://dx.doi.org/10.1016/0021-9517(82)90016-1
http://dx.doi.org/10.1016/0021-9517(82)90016-1
http://dx.doi.org/10.1016/0021-9517(68)90225-X
http://dx.doi.org/10.1016/0021-9517(68)90225-X
http://dx.doi.org/10.1016/0021-9517(75)90186-4
http://dx.doi.org/10.1016/0021-9517(75)90186-4
http://dx.doi.org/10.1039/TF9595502166
http://dx.doi.org/10.1080/03602458108068066
http://dx.doi.org/10.1103/PhysRevLett.55.2502
http://dx.doi.org/10.1103/PhysRevLett.55.2502
http://dx.doi.org/10.1007/BF01565394
http://dx.doi.org/10.1007/BF01565394
http://dx.doi.org/10.1007/BF01551853
http://dx.doi.org/10.1038/ngeo325
http://dx.doi.org/10.1016/j.jpowsour.2008.02.097
http://dx.doi.org/10.1016/j.apenergy.2016.09.026
http://dx.doi.org/10.1016/j.apenergy.2016.09.026
https://apps.dtic.mil/sti/citations/AD0634681
https://apps.dtic.mil/sti/citations/AD0634681
https://apps.dtic.mil/sti/citations/AD0634681
https://nh3fuelassociation.org/introduction/
https://nh3fuelassociation.org/introduction/
https://nh3fuelassociation.org/introduction/
http://dx.doi.org/10.1595/205651318X696341
http://dx.doi.org/10.1002/cssc.201500322
http://dx.doi.org/10.1038/s41586-019-1260-x
http://dx.doi.org/10.1038/s41586-019-1260-x
https://doi.org/10.1039/C1CP22271F
https://doi.org/10.1039/C1CP22271F
http://dx.doi.org/10.1021/acs.jpcc.5b08508
https://doi.org/10.1021/acs.jpcc.5b06811
https://doi.org/10.1021/acs.jpcc.7b12364
http://dx.doi.org/10.1016/S0926-860X(01)00529-4
http://dx.doi.org/10.1039/b002930k
http://dx.doi.org/10.1021/ja010963d
http://dx.doi.org/10.1016/j.cattod.2019.06.009
http://dx.doi.org/10.1016/j.cattod.2019.06.009
http://dx.doi.org/10.1006/jcat.1998.2364
http://dx.doi.org/10.1006/jcat.1998.2364
https://doi.org/10.1006/jcat.1997.1661
https://doi.org/10.1006/jcat.1997.1661
http://dx.doi.org/10.1016/S0021-9517(03)00156-8
http://dx.doi.org/10.1016/S1381-1169(00)00396-4
http://dx.doi.org/10.1016/S1381-1169(00)00396-4
http://dx.doi.org/10.1002/anie.201907171
http://dx.doi.org/10.1016/S0009-2614(96)01394-2
http://dx.doi.org/10.1063/1.1384008
http://dx.doi.org/10.1063/1.1384008
http://dx.doi.org/10.1021/jacs.7b13409
http://dx.doi.org/10.1021/jacs.7b13409
http://dx.doi.org/10.1039/C9CP01611B
http://dx.doi.org/10.1039/C9CP01611B
http://dx.doi.org/10.1016/0021-9517(87)90109-6
http://dx.doi.org/10.1016/0021-9517(87)90109-6
http://dx.doi.org/10.1016/0021-9517(80)90403-0
http://dx.doi.org/10.1016/0021-9517(80)90403-0
http://dx.doi.org/10.1016/0378-5963(81)90092-1
http://dx.doi.org/10.1016/0378-5963(81)90092-1
https://doi.org/10.1021/jacs.6b01230
https://doi.org/10.1021/jacs.6b01230


royalsocietypublishing.org/
11
turnover, freeze-quench 57Fe Mössbauer

data, and a hydride resting state. J. Am.
Chem. Soc. 138, 5341–5350. (doi:10.1021/
jacs.6b01706)

43. Liu JC, Ma XL, Li Y, Wang YG, Xiao H, Li J. 2018
Heterogeneous Fe3 single-cluster catalyst for
ammonia synthesis via an associative
mechanism. Nat. Commun. 9, 1610. (doi:10.
1038/s41467-018-03795-8)

44. Anderson JS, Rittle J, Peters JC. 2013 Catalytic
conversion of nitrogen to ammonia by an iron
model complex. Nature 501, 84–87. (doi:10.
1038/nature12435)

45. Creutz SE, Peters JC. 2014 Catalytic reduction
of N2 to NH3 by an Fe-N2 complex
featuring a C-atom anchor. J. Am. Chem.
Soc. 136, 1105–1115. (doi:10.1021/
ja4114962)

46. Coric I, Holland PL. 2016 Insight into the
iron-molybdenum cofactor of nitrogenase
from synthetic iron complexes with
sulfur, carbon, and hydride ligands. J. Am.
Chem. Soc. 138, 7200–7211. (doi:10.1021/jacs.
6b00747)

47. Rao L, Xu X, Adamo C. 2016 Theoretical
investigation on the role of the central carbon
atom and close protein environment on the
nitrogen reduction in Mo nitrogenase. ACS Catal.
6, 1567–1577. (doi:10.1021/acscatal.5b02577)

48. Back S, Jung Y. 2016 On the mechanism of
electrochemical ammonia synthesis on the Ru
catalyst. Phys. Chem. Chem. Phys. 18,
9161–9166. (doi:10.1039/C5CP07363D)
journ
al/rsos
R.Soc.Open

Sci.8:210952

https://doi.org/10.1021/jacs.6b01706
https://doi.org/10.1021/jacs.6b01706
http://dx.doi.org/10.1038/s41467-018-03795-8
http://dx.doi.org/10.1038/s41467-018-03795-8
http://dx.doi.org/10.1038/nature12435
http://dx.doi.org/10.1038/nature12435
http://dx.doi.org/10.1021/ja4114962
http://dx.doi.org/10.1021/ja4114962
http://dx.doi.org/10.1021/jacs.6b00747
http://dx.doi.org/10.1021/jacs.6b00747
http://dx.doi.org/10.1021/acscatal.5b02577
http://dx.doi.org/10.1039/C5CP07363D

	A comparative analysis of the mechanisms of ammonia synthesis on various catalysts using density functional theory
	Introduction
	Systems and mechanisms
	Catalysts active for thermochemical ammonia synthesis
	N2 adsorption, activation and dissociation on Fe(111) and Ru(0001)
	Mechanism of ammonia synthesis on Fe and Ru
	Ammonia synthesis mechanism on Ru
	Ammonia synthesis mechanism on Fe(111) and Fe(211) reconstructed
	Ammonia synthesis mechanism on Co3Mo3N
	Ammonia synthesis mechanism on a θ-Al2O3-supported Fe3 catalyst
	Mechanism of the electrochemical synthesis of ammonia on stepped Ru

	Conclusion
	Data accessibility
	Authors' contributions
	Competing interests
	Funding
	References


