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A B S T R A C T   

The 100th anniversary of a leading nitrogen fixation technology developer like CASALE SA is a reason to reflect 
over the 20th century successful solution of the problem of world food supply, and to look out for solutions for 
sustainable developments with respect to ammonia production. We review the role of nitrogen as essential 
chemical constituent in photosynthesis and biology, and component of ammonia as it is used as fertilizer for 
primary production by photosynthesis for farming and food supply and its future role as energy carrier. While 
novel synthesis methods and very advanced synchrotron based x-ray analytical techniques are being developed, 
we feel it is important to refer to the historical and economical context of nitrogen. The breaking of the N–––N 
triple bond remains a fundamental chemical and energetic problem in this context. We review the electro
chemical ammonia synthesis as an energetically and environmentally benign method. Two relatively novel X-ray 
spectroscopy methods, which are relevant for the molecular understanding of the catalysts and biocatalysts, i.e. 
soft X-ray absorption spectroscopy and nuclear resonant vibration spectroscopy are presented. We illustrate the 
perceived reality in fertilizer usage on the field, and fertilizer production in the factory complex with photos and 
thus provide a contrast to the academic view of the molecular process of ammonia function and production.   

1. Introduction 

The 100th anniversary of a leading nitrogen fixation technology 
developer like CASALE SA is a reason to reflect over the 20th century 
successful solution of the problem of world food supply. It is also the 
opportunity to project on an issue of the beginning 21st century, this is, 
the sustainability in ammonia production. This paper recalls and re
views the historical aspects of urea and ammonia synthesis; in partic
ular, the motivation of researchers to artificially fix nitrogen from air to 
produce synthetic fertilizers. Underlying is a key process in chemical 
engineering, the accomplishment of which was awarded with a Nobel 
Prize, followed by unprecedented food production and growth of world 
population. Since the process is energy intensive and primarily based on 
fossil fuel usage, the need for sustainable processes has been voiced 

louder in the previous decades. In addition, the extension of nitrogen 
fixation technologies, for example for the production of ammonia fuel or 
for fine chemicals, has been proposed. We complement the historical 
overlook in this review with the novel developments in electrochemical 
ammonia synthesis and in x-ray analytical methods which help elucidate 
the molecular processes in nitrogen chemistry. Seemingly trivial infor
mation in this review has been added for didactic purposes. 

Nitrogen is abundant in the atmosphere to almost 80 % as gaseous 
N2. In many fields of technology and industry, N2 is considered and 
utilized as an inert gas. Nitrogen is one of the most important chemical 
elements in living systems, as we will outline below. It is an essential 
component of all amino acids, the building blocks of the proteins, which 
catalyze virtually all metabolic processes and thereby enable life. Life 
would not work the way we know it if it was without the nitrogen atom. 
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Furthermore, nitrogen is contained in many other essential biological 
molecules like porphyrin rings, cytochromes, chromophores, and DNA. 
Nitrogen has five valence electrons (2s2 2p3) and forms only three 
bonds, for example with the three protons in ammonia NH3. The main 
source for nitrogen is molecular nitrogen gas N2, with its formal 
oxidation state 0. The oxidation state of nitrogen can vary between +5 
and -3. In ammonia, N has the valence -3, whereas in nitrates the valence 
is +5. In the ammonium nitrate fertilizer NH4NO3, the valence of N is -3 
and +5, respectively. Amines, the derivatives of ammonia, may have 
valences from -3 to -1 for N depending on particular side chains. The 
metabolism in vertebrates converts the toxic ammonia into the physio
logically more benign urea, where N has also the valence -3. This 
oxidation state for N is prevalent also for the amino acids, which are the 
building blocks for proteins. Although highly abundant in the atmo
sphere, the availability of nitrogen for organisms is limited. The reason 
for this is that the molecular nitrogen must be fixed in the form of 
ammonia to become metabolic useable; a task that can be performed 
only by diazotrophic bacteria. Because of most organisms are not able to 
fix nitrogen to ammonia, they must assimilate nitrogen in the form of 
nitrate leading to ammonium formation or directly as ammonium. 
Ammonia is then converted to glutamate or/and glutamine. All other 
amino acids are synthesized by transamination reactions from these 
building blocks. Amino acids serve as basis for the synthesis of a number 
of different biological nitrogen containing bioactive compounds such as 
pyrrolidines, piperazines and piperidines, which are important pre
cursors of pharmaceuticals and agrochemicals. Here, especially the 
piperazine scaffold is a privileged structural motif in drug discovery and 
continues to have an increasing appearance in lifesaving drug mole
cules, e.g. in Imatinib for leukemia treatment or Levocetirizine, which is 
an antihistamine [1]. 

Fig. 1 shows on the left the cytochrome c, which transfers electrons 
within the respiratory chain. Nitrogen is an essential chemical element 
in the porphyrin molecules, aromatic rings with particular color centers, 
such as heme, which is the cofactor of haemoglobin and which gives the 
red blood cells their color. Heme has the life critical function of binding 
oxygen to the bloodstream of vertebrates. On the right in Fig. 1, the iron 
porphyrin ring contains Fe as the central atom, which we know as heme. 

Urea (CO(NH2)2) is the decay product of proteins in animal and 
human metabolism and was (by intent) first synthesized in the labora
tory by Friedrich Wöhler in 1828 [2] (see also [3]), not very long before 
Justus von Liebig pointed out the importance that nitrogen was an 
essential fertilizer in agriculture [4]. Still today, farmers distribute the 
waste from their animals as solid and liquid manure over the farmland. 
Such "green farming" has been practised for thousands of years [5], and 
farmers were constantly in need for natural fertilizer. Shortage could 
contribute to undernourishment and eventually to famine (during the 
big leap famine in People’s Republic of China, farmers were desperately 

searching for every tiny bit of animal or human manure [6]), which was 
one rational to – in addition - look out for mineral and synthetic fertil
izers. Without synthetic fertilizer, there will not be enough food for to
day’s population [7]. Already over 100 years ago, Sir William Crookes 
predicted famine in near future unless care was taken of agriculture 
management. Crookes considered manure a treasure and cited Justus 
von Liebig with "Nothing will more certainly consummate the ruin of 
England than a scarcity of fertilisers - it means a scarcity of food." [8]. 
Today, around 1 % of mankind’s global energy consumption is spent for 
ammonia production in large centralized plants with 2500 tons pro
duction per day, and a total global NH3 production of 146 million tons 
per year [9], Casale SA being one of the technology companies which 
build the factories. Synthetic urea, too, is a fertilizer today produced in 
huge quantities. Still, manure is being used as fertilizer. Fig. 2 shows an 
example from the year 2020 in the highly industrialized Switzerland. 

2. Haber-Bosch ammonia synthesis and similar processes 

With proceeding industrialization, it became clear that nitrogen was 
a critical resource, and ammonia NH3 a key chemical product for further 
technological development [10]. As one of the most produced chem
icals, ammonia (NH3) synthesis through the Haber-Bosch process is 
capital and energy intensive and constitutes 1–2 % of the entire energy 
consumption in the world [11–13]. In 1910, Fritz Haber succeeded with 
the synthesis of ammonia in a catalysed reaction of H2 and N2 under high 
temperature and pressure [14–16], which became commercialized as 
the Haber-Bosch process. Back then, it was not trivial to build vessels 
that could maintain a pressure of 250 ± 100 bar at temperatures of 400 
◦C–500 ◦C to allow for the chemical conversion of nitrogen and 
hydrogen to ammonia. A replica of the original experimental setup 
which Haber used for ammonia synthesis is shown in the photo in Fig. 3 
and originally sketched in the paper which Haber co-authored with his 
British colleague Robert Le Rossignol [15]. The paper was originally a 
report produced for BASF chemical company in 1909, 3 ½ years prior to 
publication. 

Similar ammonia synthesis processes followed, including the Casale 
process [17,18]. Luigi Casale worked also on the preparation of iron 
catalysts for the ammonia synthesis. Ammonia synthesis allowed for the 
production of synthetic mineral nitrogen fertilizer, which coined the 
phrase "bread from air" [19]. Since, world population has increased 
virtually exponential to over 7 billion humans. Thus, the problem of 
feeding the people on the globe is solved with respect to one critical 
bottleneck: by using synthetic fertilizer in agriculture technology. For 
large countries with a large population and wide farmlands, indepen
dent fertilizer production capacity is crucial and an opportunity to 
become partially independent from food imports. Notwithstanding that 
there are further issues to be considered, such as understanding the 

Fig. 1. (left) Structure of cytochrome c (green) 
with a heme c molecule with the peptide 
backbone and heme c cofactor (grey) coordi
nating a central Fe atom (orange sphere). 
(right) The heme c molecule with Fe as central 
atom. Nitrogen atoms are depicted in blue, ox
ygen atoms in red and sulphur atoms in yellow 
and iron in orange as a sphere. Alpha-helices 
are transparent. For simplification, only the 
main chain is shown except the two cysteines 
bound to heme c and methionine and histidine 
coordinating side chains of the cofactor (For 
interpretation of the references to colour in this 
figure legend, the reader is referred to the web 
version of this article).   
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dynamics of soil, crops and fertilizers, and its implications for success of 
farming [20]. Fig. 4 shows an ammonia/urea production plant in the 
city of Allahabad, owned by the Indian Farmers Fertilizer Cooperative 
IFFCO. Such factories may require an area of up to 1 square kilometre or 
even more, and do resemble the complexity of the plant cells in photo
synthesis, both of which require tubes and paths for transport and ves
sels for reactions. 

Because of its wide applications, such as fertilizer source of nitrogen 
[21], a potential transportation fuel with no CO2 emission and efficient 
clean energy carrier (due to its high energy density of 17.8 %) [22,23], 
several of sustainable routes have been developed, including electro
chemical methods, which could directly convert renewable electricity 

into chemicals or chemical energy carriers. 

3. Nitrogen fixation in nature 

It is striking that technical ammonia production requires high tem
perature and pressure, whereas nature performs the breaking of the 
N–––N triple bond under supposedly ambient conditions by the nitroge
nase metalloproteins. The biomolecular environment in which nitrogen 
reduction and fixation takes place is an aggressive electrochemical one 
and thus less than ambient. It is therefore of great interest to explore the 
molecular mechanism which perform this task. X-ray spectroscopy 
methods are one class of analytical tools, which help elucidate such 
mechanisms, as we will learn later in this review. Common for the 
technical and natural ammonia synthesis is the presence of iron Fe as a 
catalyst. In the ammonia technology, the catalysts contain typically Fe, 
Mo, and their alloys and sometimes V. 

Nature performs nitrogen fixation of ambient N2 by nitrogen fixing 
bacteria. The chemical reaction is the combination of protons H+ with 
N2 towards ammonia and reads simply: 

N2 + 3H2 ⇔ 2NH3 

Such undifferentiated and oversimplified equation gives no account 
of the underlying problems that must be overcome to actually perform 
the reaction. 

The production of ammonia requires the breaking of the nitrogen 
triple bond N–––N, which has an enormous bond energy of 941 kJ/mol. 
The necessary energy for industrial ammonia production comes from 
fossil fuels, particularly natural gas, and from hydropower, the elec
tricity of which is used to produce hydrogen by water electrolysis [24]. 
Hence, ammonia and urea production require enormous amounts of 
water and produce a large amount of CO2. This is why there is an interest 
in sustainable production of ammonia with renewables [9]. 

Nitrogen fixing bacteria like cyanobacteria (also known as blue green 
algae), for example Anabaena or bacteria like Azotobacter, contain the 
enzyme nitrogenase, which has the function of catalysing the nitrogen 
fixation by chemically reducing N2 to NH3. The nitrogenase, as shown in 
the top panel in Fig. 5, is a large macro-molecular complex, which 
contains several proteins, which reduce the N2 to NH3 by the transfer of 
six electrons (6 e− transfer). The center of the nitrogenase is an Fe-Mo 
protein (bottom in Fig. 5) which performs the reduction, but it re
quires in its periphery two iron proteins which consume ATP to gain the 
energy to drive the required six electrons to the Fe-Mo complex. 

Nitrogenase is the only known biological catalyst able to reduce N2 to 
NH3. In the next section, we review the electrochemical synthesis of 
ammonia. Certainly, electrochemical methods are also used for elec
troanalytical studies of the nitrogenase function. For example, Hickey 
et al. have studied the reduction potentials of nitrogenase proteins 
immobilized on electrodes, and thus attempted to map the 

Fig. 2. Local farmer spreading liquid manure (natural nitrogen fertilizer) over a meadow in the Canton of Zurich, Switzerland. Photo Artur Braun, 3 April 2020.  

Fig. 3. Replica of the apparatus for the Haber Bosch ammonia process, at the 
Fritz Haber Institut in Berlin-Dahlem. The sketch of the apparatus is shown in 
the original paper by Haber and Le Rossignol [15]. Photo Artur Braun, 9 
November 2014. 

Fig. 4. The Phulpur ammonia factory in Allahabad, India. Photo from Casale 
SA. The size of the full industrial complex is around 800 m by 800 m. 
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thermodynamic landscape of the active site of the Mo nitrogenase [25]. 
It has turned out over time that the large protein complexes, which make 
up life, contain a vibration structure and a shape, a form, which is fol
lowed by a mechanical function reminiscent of a machine literally 
bringing ions together for chemical reaction, which is necessary for 
driving the biochemical reactions [26]. This was discovered with a novel 
x-ray spectroscopy method. We therefore feature in this review partic
ularly electrochemical ammonia synthesis, and novel synchrotron ra
diation based x-ray spectroscopy analytical techniques. 

4. Electrochemical synthesis of ammonia 

The electrochemical synthesis of ammonia by nitrogen reduction 
reaction (NRR) is considered the best choice (by electrochemists!) due to 
its flexibility in tuning the input energy requirement as well as output 
products. Also, CO2 emission does not take place which makes it an 
additional advantage, unless the necessary electric energy comes from 
combustion of fossil fuels and biomass. Interestingly, the same type of Fe 
catalysts in the Haber Bosch processes is used as homogenous and het
erogeneous electrocatalysts for the green production of NH3. A simple 
electrochemical cell for the NRR reaction in ammonia synthesis is 
schematized in Fig. 6. 

Fig. 5. (top) Schematic of the nitrogenase protein complex (https://www.mdpi.com/2624-8549/2/2/21#). (bottom) Structure of the iron sulphur molybdenum 
co-factor. 

Fig. 6. An electrochemical cell depicting the formation of ammonia from liquid 
electrolyte. 
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For the NRR reaction, a different range of materials is used for the 
design and development of electrocatalyst along with solid electrolytes. 
A concise and critical analysis of each of these electrocatalysts and solid 
electrolytes is discussed below in a chronological order until the recent 
state of the art. The main pros and cons of each of the electrocatalysts 
lies in the input voltage or overpotential, and faradaic efficiency asso
ciated with the NRR reaction. Another critical aspect to consider here is 
the correlation of the structure-selectivity factor for making ammonia 
specifically. The main cons of the NRR reaction with most of materials is 
the generation of side products of hydrogen along with ammonia. 
Therefore, to control the same is the motivation of the most of the 
studies discussed below. 

When we look back into history, Allen J. Bard et al. first developed 
the concept of heterogeneous nitrogen photoreduction into ammonia 
over stoichiometric WO3 photoanode by using moisturized N2. The 
typical ammonia yield was 0.1 μg/h [27]. Later, R.L. Cook et al. [28] 
reported the ambient temperature formation of electrochemical nitro
gen reduction into ammonia over a Ru based catalysts with Pt as counter 
electrode separated by the Nafion membrane. They found a Faradaic 
(Coulombic) efficiency of 0.0015 % for nitrogen-to-ammonia conversion 
with a current density of 3.12 mA/ cm2. In terms of final product con
centration, they were able to generate 1.75 nmoles/ cm2 / h on a 10 cm2 

working electrode area. Various research work related to the green 
synthesis of ammonia was carried out in the last two decades. The work 
done by Kordali et al. [29] involved the production of ammonia by using 
Nafion membrane in the presence of Ru catalyst in an alkaline solution 
with an operation temperature of 100 ◦C. The nitrogen reduction rate 
increased with the operating temperature. 

Work by T. Murakami et al. shows formation of ammonia from water 
vapor and nitrogen in the molten ion-based electrolysis cell with elec
trolyte LiCl–KCl–CsCl–Li3N (0.5 [30] mol% Li3N added) [31]. Nitride 
ions are fed into the melt at the cathode, which reacts with water vapor 
and hence generates NH3. The process efficiency was 23 % in terms of 
current needed to generate ammonia. Computations [30] were carried 
out to identify the most suitable electrocatalyst for NRR. It was found 
that Mo nanoparticles are capable of forming ammonia, but with very 
high activation energy for nitrogen dissociation [32]. Due to the 
well-known effect of iron metal in Haber Bosch process, the ammonia 
synthesizes electrochemically by the electrolysis of air and steam in a 
hematite molten nano suspension [33]. The Coulombic efficiency ob
tained for this process was 35 % at a temperature of 200 ◦C and applied 
bias of 1.2 V. The cogeneration of hydrogen is evident here, and six 
electron conversion of nitrogen into ammonia is found. 

Numerous reviews were written on the electrochemical synthesis of 
ammonia and the employed electrolytes and electrocatalysts. We want 
to show a glimpse of these before going to exciting electrocatalyst sys
tems found recently for NRR reaction. The electrochemical synthesis of 
ammonia can be done with a wide range of electrolytes, spanning the 
range of liquid at ambient temperature to all solid electrolytes, see the 
review by Giddey et al. [34]. The number one is the liquid electrolyte 
near room temperature, followed by molten salt electrolyte operating at 
300 ◦C–500 ◦C. Composite electrolyte, a blend of a traditional solid 
electrolyte with low melting point electrolyte, and finally all solid 
electrolyte which are able to carry out NRR at the higher range of 
temperature in a fuel cell setting (800 ◦C). The hydrogen required for 
this purpose is fed to the anode separated by a ceramic membrane, 
which facilitates separation of hydrogen from ammonia by-product. The 
conventional Haber Bosch process is collecting this hydrogen from 
non-renewable energy sources, with a correspondingly large carbon 
footprint. M. Soukides et al. [35] made an extensive review on the use of 
perovskite structure metal oxide electrocatalysts, and even proton con
ductors such as BaZr0.8Y0.2O3-δ for ammonia generation. The drawback 
of these catalysts to carry out the NRR is the need for high temperature 
and their rare availability, and their toxic and expensive nature. 
Regarding this, we here subdivided many electrocatalysts system 
depending on the need of operating temperature into several categories. 

These are from high: greater than 500 ◦C, medium: in between 100 
◦C–500 ◦C and low temperature (100 ◦C), while typical Haber Bosch 
process needs around 400− 500 ◦C along with the pressure of 130− 170 
bar. Solid electrocatalyst such as Fe2O3 deposited on activated carbon 
[36] is also used for ammonia generation in a high-temperature molten 
hydroxide electrolyte following the same. Activated carbon, the host 
material [30], opens the pathway necessary for increasing efficiency of 
the process. It is found that the Fe2O3 /activated carbon inhibits the 
competing hydrogen evolution reaction along with the NRR. The oper
ating temperature of the reaction process is 250 ◦C, and the highest 
ammonia formation occurs at 1.55 V, with a current density of 49 
mA/cm2. The fundamental understanding of the metal center of these 
electrocatalysts, for instance, Fe or Ru has recently been addressed by 
Guo et al. [37]. The author [38] described the formation [39] of 
ammonia consists of six elementary reactions which fell into the groups 
of activation, hydrogenation and desorption. The atomic centre-based 
classification of such electrocatalyst has its functionality. For instance, 
one metal centre is activating the nitrogen molecule, and the next cen
ter’s task is to guide away activated nitrogen to form ammonia by a 
hydrogenation reaction. 

Molten salt-based electrolysis has additional advantages concerning 
water-based electrolyte where hydrogen evolution reaction is a 
competing step with ammonia generation. However, direct synthesis of 
ammonia involves the production of hydrogen due to the difficulty in 
supplying proton and electrons to meet the chemical potential demand 
at the same time. Following this, the Jaramillo group at Stanford for the 
first time proposed a lithium recycling strategy to generate ammonia, 
and this process can be scaled up for centralized application. The process 
separates the nitrogen reduction step from the protonation step to 
generate the NH3 [40]. The process takes place in three steps. Electrol
ysis of molten LiOH produces lithium metal, which then reacts with 
nitrogen to complete the lithium nitridation step. Then ammonia is 
released from Li3N in an exothermic hydrolysis reaction. Finally, LiOH is 
recycled back thus completing the cycle. With an applied bias of − 4 V at 
450 ◦C, they achieve up to 85 % Faradaic efficiency for ammonia gen
eration. The bias potential is the main parameter to control the evolution 
of hydrogen. 

So far we have described the electrochemical ammonia synthesis at 
high temperature. Is it feasible to do this at ambient temperature? Most 
of the research in the current state of the art is related to carry out the 
NRR at low temperature. To achieve the same, Centi et al. [30] devel
oped a Fe2O3/CNT electrocatalyst system for a gas-liquid-solid 
three-phase configuration. The membrane is designed in such a way 
that ammonia cannot cross from the cathode to the anode. In that study, 
the higher negative voltage is used to increase the Faradaic efficiency. 
Following this, iron supported by CNT was also used as electrocatalyst 
for ammonia generation at room temperature [30]. The rate of ammonia 
formation was 2.2 × 10− 3g m− 2 h− 1 with a DC bias of − 2.0 V. The 
electrocatalysts show stable behavior for 60 h of the reaction. 

Recently electrochemical synthesis of ammonia is given attention in 
the conceptual design of solar ammonia refinery. Unlike in the Haber- 
Bosch process, where the necessary hydrogen is supplied by fossil 
fuels, "solar ammonia" uses PV to produce hydrogen by water electrol
ysis to the so-called green ammonia refinery process [41]. Noble 
metal-free electrocatalysts are also used in ambient conditions to fixed 
nitrogen or generate ammonia besides Pt-based catalysts [39]. For 
example, a Bismuth based Bi4O11V2/CeO2 electrocatalyst is designed as 
a cathode for NRR reaction. The role of CeO2 is to assist in the charge 
transfer process due to the proper band alignment with Bi4O11V2. This 
system shows good Faradaic efficiency of 10.16 %. 

Boron-doped graphene nanosheets were used for the electrochemical 
ammonia synthesis in aqueous media. The material is supposed to have 
an electrocatalytic center, where Boron doping helps in the electron 
distribution in the graphene network. A doping level of 6.2 % results in 
the 10.8 % Faradaic efficiency at 0.5 V [38]. 2D Boron nanosheets were 
used in neutral media, and it shows a Faradaic efficiency of 4.04 % to 

A. Braun et al.                                                                                                                                                                                                                                   
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enhance the selectivity for ammonia generation [42]. Density functional 
theory calculations suggests that oxidized and H-deactivated nanosheets 
are more effective than a pristine analogue of Boron nanosheet. 

Before moving to more advanced system and the associated concept 
of electrochemical ammonia production, we make a note about the 
recent work of Andersen et al. [43], who established a robust and 
rigorous analytical methodology for the quantification of ammonia. It is 
a common artefact that in most of the case of ammonia generation, the 
amount produced is significantly small and it can be a source of 
contamination from air, human breath and ion-conducting polymeric 
membrane used in the electrochemical reactor or other labile 
nitrogen-containing compounds of NO, NO2

− , NO3
− , amine. The concept 

is based on the measurement of 15N2 isotope, and it helps in the reliable 
detection of NH3. While this study mentions that the ammonia genera
tion should not be from labile compounds such as nitrate, in recent 
studies it is evident that the electrochemical ammonia synthesis can also 
be accomplished by eight electron-mediated reduction of nitrate into 
ammonia by using a copper-based molecular solid organometallic 
catalyst [44]. That author found that the copper incorporation into 3, 4, 
9, 10- perylene tetracarboxylic acid dianhydride shows a Faradaic effi
ciency of 85.9 % at − 0.4 V. Another concept involves “π-back donation” 
and is mimicked to enhance the performance of ammonia production 
[45]. Here, authors have used P-block elemental catalysts lacking 
d-orbitals in compounds such as Bi4O5I2 as an electrocatalyst. This sys
tem helps in reducing the energy barrier associated with N2 protonation. 
Due to the advantage of the electronic modulation, this system shows a 
Faradaic efficiency of 32.4 %. A comparative overview of the critical 
parameters of different electrocatalysts for accomplishing NRR reaction 
is summarized in Table 1. 

All the above example of NRR with available electrocatalysts leads to 
an efficiency scale not suitable for direct industrial application. There
fore, better engineering of electrocatalyst with good catalytic turnover 
and faradaic efficiency is the need of the hour to fulfill the demand of 
ammonia as a fuel, which is considered as generation 3 technology [42]. 

5. Development of soft X-ray spectroscopy for molecular 
structure analyses 

The metal ions have been of eminent interest since 100 years because 
those are being used in technical inorganic catalysts in industrial 
chemistry. Therefore, much of the catalysis studies focussed on the 
electronic and molecular structure of typical 3d and 4d metals such as 
Fe, Ni, Cu, and Mo, V in their intimate bonding with ligand ions such as 
oxygen and nitrogen (also 5d row elements like Pt, Ru, Pd and the like). 
One of the easiest tasks to be performed with x-ray spectroscopy is the 
determination of the oxidation states of the metals. The x-ray absorption 
and emission spectroscopy of the 3d metal K-edges (K-shell absorption 
threshold) and later also their L-edges (L-shell absorption threshold) is 
meanwhile well developed [46] and available as research tool at syn
chrotron radiation centres [47]. Less well-known are the ligand spectra 
with O, N, S, P, and C, notwithstanding that the experiment and theory 
are well established [48]. There is a wealth of catalysts available for 
countless reactions in heterogeneous catalysis. However, little is known 
about their actual functionality at the molecular level. 

In most of the studies, synchrotron-based X-ray spectroscopy 

techniques such as X-ray absorption spectroscopy (XAS) and X-ray 
emission absorption spectroscopy (XES) have been used to investigate 
the chemical signatures of elements in the process of nitrogen reduction 
reaction (NRR) [49–51]. 

The first Fe single site catalyst for NRR was reported by Lü et al. [52]. 
In this work bimetallic Fe/Zn zeolitic imidazolate frameworks were 
fabricated using hydrothermal methods. X-ray absorption near-edge 
structure (XANES) was used to probe the atomic structure of the Fe 
sites, and found that the Fe atom average valence is between Fe2+ and 
Fe3+. 

Guo and co-workers have used XAS and XES to probe the nitrogen 
bonding structure since more than two decades ago. The resonant X-ray 
emission spectra were studied early in 1996 by tuning the excitation 
energies to the five lowest vibrational levels of the π* resonance [49]. 
This was the first time the resonant XES of N2 was presented. This was 
also an excellent illumination of several significant dipole selection rules 
because of the homonuclear diatomic nature of N2 and its closed-shell 
electronic structure. Additionally, the symmetry can be derived from 
the angle-resolved spectra. The influence of angular anisotropy and the 
parity selection rule on the intensity ratios of the absorption peaks in the 
fluorescence yield measurement of N2 can be predicted based on the 
information derived from resonant and non-resonant emission spectra. 
The nitrogen bonded with other elements are also investigated, e.g., the 
CNx thin films prepared by magnetron sputtering [50]. Three different 
nitrogen bonding environments were investigated including nitriles 
(N1), pyridine-like N (N2) and nitrogen substituted graphite (N3). The 
N1 nitrogen has a sharp at 399.5 eV, originating from the π* character. 
The N2 nitrogen is connected to two carbon atoms and has a feature peak 
at 398.5 eV. The N3 nitrogen with one sp3 carbon as a neighbor shows a 
peak at 401.7 eV, attributing to a low-energy σ* resonance. The probing 
of nitrogen coordination in ionic liquids under in-situ/operando condi
tions were also achieved by Guo et al. using soft XAS [53]. As shown in 
Fig. 7A, the N K-edge XAS has several signature peaks. The peak at 402 
eV is sharp, attributing to the N1s to the π* orbital of the imidazolium 
ring [54]. The transitions from σ* orbitals of both cations and anions is 
revealed in Fig. 7B and C, as depicted by the other broader features in 
the peak deconvolution. The open and closed cell exhibit noticeable 
differences in their XAS spectra. The π* resonance peak diminished over 
the 120 min while two peaks at 398.9 and 400.0 eV emerged. Combined 
with DFT calculations, the authors claimed the X-ray irradiation leads to 
the cleavage of C–N bonds, and corresponding removal of the alkyl 
groups adjacent to the imidazole ring. This study contributes to the 
understanding of the irradiation damage of the ionic liquids and reminds 
researchers to practice caution when investigating electrochemical or 
catalytic systems under operando/in-situ conditions using X-ray 
spectroscopies. 

In the electrochemical synthesis of ammonia, XAS was heavily 
employed as an effort to understand the local chemical and electronic 
environment. Examples of such electrochemical NRR catalysts include 
metals and alloys [55,56], metal oxides [39,57], metal chalcogenides 
[58–60], metal carbides [61], and recently reported metal phosphides 
[62]. Catalysts with active sites created by doping [63], single-atom 
dispersion [64,65], oxygen [66] or nitrogen [67] vacancies are also 
reported. In most of these innovations, XAS plays an important role to 
probe and elucidate the chemical and electronic structures. For example, 

Table 1 
Comparison of different electrocatalysts performance.  

Catalyst Temperature Voltage Efficiency cost Ref 

molten hydroxide suspension of nano-Fe2O3 200◦C 1.2V 35 % Not available [29] 
Fe2O3/AC (activated carbon) catalysts 250 ◦C 1.55V 13.7 % low-cost [32] 
Boron doped graphene Room Temperature − 0.5V 10.8 % Not available [34] 
noble-metal-free Bi4 O11V2 /CeO2 hybrid Room Temperature − 0.2V 10.16 % Not available [35] 
Boron nanosheet Room temperature − 0.8V 4.04 % Not available [38] 
copper-incorporated crystalline 3,4,9,10-perylenetetracarboxylic dianhydride. Room Temperature − 0.4V 85.9 % Not available [40] 
Bi4O5I2 (VO-Bi4O5I2-OH), Room Temperature − 0.1 V 32.54 % Not available [41]  
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X-ray absorption near-edge structure (XANES) identified a new ab
sorption peak of –C–––N for NPC-500 after the NRR compared to that 
before [68], indicating the creation of nitrogen vacancies which will 
become the active sites for NRR in the matrix [69]. Similarly, nitrogen 
vacancies in 2D nanosheet, W2N3, at the atomic level is probed by the 
extended X-ray absorption fine structure (EXAFS). Compared a W2N3 
nanosheet with and without vacancies, both samples show a main co
ordination peak near 2.8 Å assigned to W–W bonding [70], while the 
nitrogen vacant nanosheet XAS become weaker at 1.8 Å compared to 
that without vacancies, denoting a decreased W–N bonding number 
[67]. In a separate study of CoS/graphene, XANES spectra validate the 
construction of strong bridging bonds (Co–N/S–C) at the interface 
between CoSx nanoparticles and nitrogen and sulfur-doped reduced 
graphene [71]. An element-specific technique with sensitivity to the 
local chemical and electronic environment, XAS can be applied to 
amorphous and crystalline samples, making it a powerful tool in the 
study of NRR catalysis. 

Over time, scientists have become aware that the large protein 
complexes, which make up life, have a distinct shape (which can be 
destroyed by denaturation processes) and contain a vibration structure, 
a form, which is followed by a mechanical function, which is instru
mental for driving the biochemical reactions. Such observation can 
invoke the concept of the responsive matrix [72], this is, the multitude of 
functional components such as light antennas, light absorbers, charge 
separators, catalysts which respond to external stimuli and interact with 
the other components of the system for the conversion of water and 
carbon dioxide to hydrocarbons and biochemical intermediates and 
waste compounds, such as oxygen, and ammonia 

With increasing complexity of the structure of such complexes, 
conventional vibration spectroscopy like Raman and infrared spectros
copy, fails to identify the role of key atoms in the molecules and their 
particular functions. 

6. Nuclear resonant vibrational spectroscopy 

Nuclear resonant vibrational spectroscopy (NRVS) is a synchrotron 
radiation based nuclear scattering method that measures the creation 

(Stokes) or annihilation (anti-Stokes) of vibrations which are associated 
with the nuclear transition, e.g. at 14.414 keV for 57Fe. Fig. 8(a) shows 
the principle of NRVS: while an incident X-ray beam scans through an 
interested energy region around the nuclear resonance, the nuclear back 
radiation (including the direct nuclear fluorescence hν1 and the con
verted electron fluorescence hν2) can be monitored as the NRVS signal 
[73]. The extremely monochromatic (e.g. 0.8 meV) incident energy can 
be tuned via a high-resolution monochromator (HRM) at a synchrotron 
nuclear scattering beamline, such as the ones shown in Fig. 8(b) and (c), 
the scattering energy is precisely selected by the 5 neV (5 × 10− 9 eV) 
natural linewidth of the nuclear back radiation, while the NRVS signal 
(lifetime ≈ nanoseconds) can be well separated from the electronic 
scattering (lifetime ≈ femtoseconds) in the time domain, without the 
need for a low throughput diffraction spectrometer. NRVS spectra 
therefore have zero background and start from a true zero cm-1. Even 
extremely weak NRVS feature, such as a 0.1 cts/s peak, is extractable 
from the huge electronic scattering background (in the order of 20 
million cts/s). 

In addition, NRVS has a number of compelling advantages over the 
established methods. For example: it is water transparent in comparison 
with far IR spectroscopy and thus well suitable for studies of biological 
samples in their natural aqueous environment; it is free of fluorescence 
problems in comparison with resonance Raman spectroscopy and thus 
suitable for studies of photosensitive states; it well distinguishes among 
O, N and C in comparison with EXAFS. Most extraordinarily, NRVS is 
isotope (e.g. 57Fe) specific and therefore it is almost a perfect tool to pin- 
point the site-specific information inside a complex molecule, such as 
nitrogenase [73]. 

The raw NRVS spectra are obtained as the counts from the delayed 
nuclear event (signal at hν1 and hν2) vs. the vibrational energy. It can be 
converted into partial vibrational density of state (PVDOS), which is a 
pure molecular property and can be further explored via normal mode 
analysis (NMA) or density functional theory (DFT) simulations to eval
uate the proposed theoretical model(s) as well as the corresponding 
reaction mechanism(s). Even without theoretical simulations, the fre
quencies and vibrational peak profiles can be identified intuitively in 
many cases (based on the comparison with known NRVS spectra) [26, 

Fig. 7. (A) Time-lapsed experimental N K-edge XAS spectra acquired from an encapsulated ionic liquid sample with that acquired with the open ionic liquid droplet 
in vacuum (bottom). Peak deconvolution of N K-edge spectra collected in (B) in the closed geometry after 120 min exposure and (C) in the open geometry. Adapted 
from Ref. [53] with permission from the American Chemical Society. 
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73]. 
Unlike other X-ray spectroscopies, NRVS needs a nuclear resonant 

scattering beamline which is available currently only at APS in Lemont 
IL, SPring-8 in Hyogo, ESRF in Grenbole, and Petra-III in Hamburg. 
Nevertheless, due to its super advantages, its user community as well as 
the research results shoots up fast. It becomes the third modern X-ray 
spectroscopy, which are widely accepted by the biochemical re
searchers, following x-ray crystallography and EXAFS. 

Using molybdenum iron nitrogenase as example, the whole enzyme 
is divided into iron protein and molybdenum iron (MoFe) protein, which 
contains M–center and P–cluster. Although the nitrogen fixation in
volves all these components, many publications indicate M–center is the 
substrate binding site and therefore the critical site for nitrogen fixation. 
This M–center can also be extracted into NMF solvent as FeMo–co. It has 
a caged structure with a trunk of central Fe6X core in the middle, one Mo 
on one end and one Fe at the other end, as shown in the bottom portion 
of Fig. 5. The 57Fe specific NRVS is suitable to study this complicated 
structure. Here we illustrate two important examples: 1) the investiga
tion of the central atom X inside the caged FeMo–co structure; and 2) the 
binding structure of substrate CO to M-center cage. 

In 2007, several years before the structural identification of the 
central atom inside nitrogenase, NRVS was able to suggest a possible N 
or C atom for X [26]. As shown in Fig. 9(a1), NRVS of extracted FeMo–co 
(black) or that of M–center obtained via (MoFe protein – P cluster) 
difference spectrum (dashed red) shows a characteristic peak at around 
190 cm− 1 [indicated with a dark blue bar in Fig. 9(a1)], which does not 
overlap with any of Fe–S peaks when compared it with many Fe–S 
proteins and complexes. Further comparison with the model complex 
ion [Fe6N](CO)15]3− shows that the model has 1) a central core structure 

of Fe6N, which is similar with the central core of FeMo–co (Fe6X, where 
X is still not known at that time but was proposed as N by most scien
tists); 2) Its NRVS spectrum also has a characteristic peak around 196 
cm− 1 indicated with a light blue bar (a2). Detailed evaluation shows that 
this peak is belong to the shaking mode of the Fe6X or Fe6N [26]. This 
observation is very important. With NRVS we thus can do "listening" to 
the FeMo-cofactor versus the FeS cluster in nitrogenase and deriving 
information on the partial vibration DOS which reflects the catalytic 
N–––N → NH3 reaction. The insert in Fig. 9(a2) is the structure of this 
complex ion [Fe6N](CO)15]3− . 

As this characteristic peak is the Fe6X shaking mode [26], its detailed 
spectral profile should be affected by what atom is inside the cage. Then 
DFT vs. NRVS is an excellent tool to assist the identification of the 
central atoms. As shown in Fig. 9(b), DFT calculation assuming no atom 
(b1), O(b2), N(b3), and C(d4) are performed. Among all, the DFT 
calculation assuming C(b4) or N(b3) provide excellent results in com
parison of the observed NRVS for FeMo–co or M–center (a1). Therefore, 
NRVS can tell what atom is inside the FeMo–co cage. 

Furthermore, binding substrate will distort the cage symmetry and 
therefore will affect the profile of this characteristic peak. Since N2/N or 
H2/H bound nitrogenase is hard to produce and extract in pure and large 
amount, CO is often used as alternative substrate in the research of 
nitrogenase–substrate binding structures. Fig. 9(c) is for a series of 
observed NRVS spectra for nitrogenase enzymes without substrate 
(blue) and those with CO substrate (red): (c1) is for the wild type (WT) 
Av2 nitrogenase; (c2) is for the α–H195Q mutant Av2 nitrogenase 
(H195Q for short); (c3) is for the WT Av2 nitrogenase + CO and its 
photolysis product (CO dissociated). These spectra well-illustrated that 
nitrogenase molecules without substrate have a sharp and high peak at 

Fig. 8. A nuclear excitation and de-excitation energy diagram (a); an experimental setup for NRVS measurements, from synchrotron radiation (SR) to NRVS 
measurement at SPring-8 (b) and APS (c); The SR centers which have nuclear scattering beamlines for NRVS experiments in Lemont Illinois, Hamburg, Grenoble, 
Hyogo (d). 

Fig. 9. (a1) NRVS of isolated FeMo–co (black) 
vs. M–center obtained via (MoFe protein – P 
cluster) difference spectrum (dashed red); (a2) 
NRVS of the model complex ion [Fe6N] 
(CO)15]3− while the right insert is the structure 
of this complex ion; (b) DFT calculated NRVS 
spectra assuming a central atoms of (b1) no 
atom, (b2) O, (b3) N, and (b4) C; (c) observed 
NRVS for a series of nitrogenase samples [(c1) 
wild type (WT); (c2) α–H195Q; (c3) photolysis 
on WT, with CO (red) vs. without CO (blue) 
(For interpretation of the references to colour in 
this figure legend, the reader is referred to the 
web version of this article).   
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about 190–200 cm− 1 while the ones with CO bound have an obvious 
lower intensity in this characteristic peak [74]. This peak becomes an 
indirect but often useful indication that the nitrogenase has a substrate 
bund to. 

In addition to this indirect observation, direct observation on Fe–CO 
structure with NRVS is also possible. Fe–CO features for WT Av2 
nitrogenase + CO is illustrated as in Fig. 10(b) while the ones for WT Av2 
nitrgenase+13CO is as in 10(a) [74]. There are about 9–10 cm− 1 red shift 
between them, experimentally identifying these peaks as Fe–CO. The 
pair of NRVS spectra for α–H195Q Av2 nitrogenase+13CO / +CO are 
illustrated in Fig. 10(c) and (d). We can see the α–H195Q pair has much 
more prominent Fe–CO features (including more resolved and more 
intense peaks) in comparison with the WT pair. This is because the 
α–H195Q nitrogenase+12/13CO has much high production yield in 
comparison with the WT nitrogenase+12/13CO. 

The detailed Fe–CO spectra provide a good basis for DFT calculation 
and for Fe–CO structural evaluation from DFT calculations. Several 
Fe–CO binding models have been proposed in the middle panel, while 
DFT calculation using these models are shown as in the right panel [74]. 
Model 0 has no CO and it is used to calculate the as-isolated states (black 
curves) for WT (h) and α–H195Q nitrogenases (i); Model 1 has one CO 
bound to Fe2 and one HCO bound to Fe6 positions, which is consistent 
with the FTIR frequencies of the simulated NRVS for WT + CO here (h). 
Model 3 has each CO at Fe2 and Fe6, which is consistent with the FTIR 
frequencies of the simulated NRVS for α–H195Q + CO here (j). In 
comparison with (i) vs (j), it is clear that the observed NRVS spectra are 
well reproduced via DFT calculation. We thus understand that the NRVS 
difference between the WT + CO and α–H195Q + CO is mainly due to 
their difference in Fe–CO binding structures. DFT calculation in com
bination with NRVS is also a critical tool to pinpoint the iron specific 
information in various other nitrogenases. 

The 1.5 meV resolution inelastic X-ray scattering (IXS) on a series of 
Mo/V nitrogenase model complexes as well as on FeMo-cofactor were 
also examined at SPring-8 BL35XU. In addition to the 57Fe specific 
NRVS, IXS can provide information about the Mo site and the Mo related 
vibrational modes. 

As the SR ring, beamtimes, detectors, experimental methods and 
sample preparation methods continue to progress, we believe, NRVS 
monitoring Fe–H/H2 or Fe–N/N2 structures or IXS monitoring on other 
metal (Mo) structures will become feasible in the future. 

7. Nitrogen based ammonia fuel 

We want to close this review with an outlook on the potential 

expansion of the ammonia technology and business towards ammonia 
fuel. Given that around 80 % of the world energy consumption is in the 
form of fuels, as opposed to electric energy [75], production of renew
able fuels without net CO2 emission will be essential for meeting the 
requirements of the Paris Accord signed in 2016. Elishav et al. argue that 
the economic potential of ammonia as fuel is vastly overlooked [76]. In 
the fossil-based economy and in synthetic hydrocarbon fuels, produced 
by renewable energy, carbon is the hydrogen carrier. Hydrogen as such 
has been identified as the essential component of a hydrogen economy 
[77,78], but the storage and handling of H2 gas has been considered a 
bottleneck for the necessary technology. Electric vehicles with fuel cells 
run on H2 gas, compressed to up to 700 bar, and the fuel content is thus 
measured by mass, not volume [79]. 1 kg of H2 contains 33.33 kW h 
usable energy, and the fuel tank of fuel cell cars takes around 5 kg H2. 
The energy of NH3 is only 5.22 kW h/kg, though, whereas 1 kg of gas
oline has an energy content around 10 kW h. However, an aqueous so
lution of NH4OH and urea is a valuable liquid fuel, which can easy take it 
up with future large-scale energy storage technologies such as methanol 
and batteries. A consortium study from 2017 concludes that CO2 neutral 
NH3 produced with electrochemistry using sustainable electricity will be 
a feasible alternative for NH3 produced from natural gas in the longer 
term [80]. 

Another aspect that deserves attention is the fact that biomass, when 
used for fuel production, is based at large on the use of ammonia fer
tilizer which until now are mainly produced by fossil fuels. So, there is a 
hidden portion of fossil fuel in biomass fuel, irrespective of its direct CO2 
neutrality. Huo et al. suggest [81] recycling ammonia to either plant or 
algal feedstock, so as to reduce the demand for synthetic fertilizer sup
plementation. This implies the closing of the nitrogen cycle. Zhang et al. 
[82] propose the use of a high temperature electrochemical ammonia 
synthesis route, with steam electrolysis being the route for H2 produc
tion. The high temperature (thermal) "waste energy" can be utilised as 
the process heat to ammonia conversion (power-to-ammonia). They 
estimate the efficiency of this process to be 74 %, as compared to 
biomass-to-ammonia with 44 %, and methane-to-ammonia to 61 %. 
When high temperature electrochemistry industry have a deeper market 
penetration, along with increased renewable electric power availability, 
the power-to-ammonia concept could be economically viable. Address
ing, and solving the fuel problem, as the principal energy problem will 
likely remain the tallest order: energy supply shall be sustainable, 
available and affordable. But the management of the nitrogen atom in 
our civilization serves not only directly the food production and 
potentially the future fuel production, but also the synthesis of the 
various N-containing fine chemicals (in contrast to the bulk chemicals 

Fig. 10. NRVS of 13CO (a) and CO (b) bound 
wild type (WT) nitrogenase vs. 13CO (c) and CO 
(d) bound α–H195Q nitrogenase in the Fe–CO 
region (425–575 cm− 1); Structural models 
0 (e), 1 (f) and 3 (g) used for DFT calculation on 
NRVS of as-isolated, WT + CO and α–H195Q +
CO nitrogenases respectively; DFT calculated 
(or observed) NRVS for as-isolated (black) vs. 
CO (blue) and 13CO (red) bound nitrogenases: 
(h) DFT calculation on WT and WT + CO using 
model 0 (black) and 1 (blue and red); (i) 
observed NRVS for α–H195Q nitrogenase 
(black), + CO (blue) and + 13CO (red); and (j) 
DFT calculation on α–H195Q and α–H195Q +
CO using model 0 (black) and 3 (blue and red) 
(For interpretation of the references to colour in 
this figure legend, the reader is referred to the 
web version of this article).   
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like urea, and ammonia) which are the building blocks of many other 
products important for our industrialized economy and society. Some of 
the N-containing molecules can be synthesized by "green" processes from 
biomass components. Examples are shown in the very recent review by 
He et al. [83]. 
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