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Introduction
The development of high-performing ammonia decomposition catalysts is crucial towards utilizing ammonia as a zerocarbon chemical energy store, since its full or partial decomposition to hydrogen is required to enable many of its energy
applications [1]. Recently, the Li-N-H catalyst system has been identified as possessing ammonia conversion more than
1.5 times that of state-of-the-art Ru-based systems at moderate temperatures, and the formation of a solid solution
between lithium amide (LiNH2) and lithium imide (Li2NH) has been identified as key to this activity [2]. There have
been conflicting accounts on the extent of promotion of catalytic activity of Li2NH through the addition of transition
metals, and the mechanism of this continues to be debated. One
study describes ammonia decomposition facilitated via the
concurrent formation and decomposition of lithium ternary nitride
(Li(TM)N) species [3], yet these species tend not to persist under
operating conditions [4]. Transition metals may instead promote
the Li2NH catalyst [5] or reactive intermediate species, such as
lithium nitride hydride (Li4NH) (Fig. 1) [6]. This study aimed to
characterize the mechanism of activity improvement in LiNH2/TM
composite systems, critical towards the future optimization of
these catalysts. Results revealed that Cr and Mn have a pronounced
ameliorative effect on the catalytic activity of LiNH 2, which was
absent for Fe. Results were consistent with Cr and Mn acting to
promote the activity of an Li2NH-like cubic phase, by stabilizing
this phase such that it formed at lower temperatures. Post-reaction
analysis of Cr- and Mn- systems also revealed lithium ternary
phases of mechanistic interest.
Fig. 1. Potential catalytic transformations in
the Li-N-H–TM system.

Materials and Methods
Composite catalysts were prepared by hand grinding 0.5g
LiNH2 with 0.5g Cr, Mn, or Fe for five minutes. The catalyst
was then transferred into a 21cm3 cylindrical stainless-steel
reactor configured for gas flow over the catalyst and attached
to a gas panel. A 30 sccm flow of ammonia was introduced
and then temperature was raised incrementally from 300–
540°C with dwells at each temperature (Fig. 2.). Mass flow
meter and mass spectrometry data were processed using
bespoke Python code [7] to quantify the component flows of
NH3, N2, and H2 present in the outgas, revealing the extent of
ammonia decomposition, characteristic gas releases, and
catalyst stoichiometry throughout the experiment. X-ray
Fig. 2. Component gas flows (NH3, N2, H2), total actual flow powder diffraction (XRPD) and Raman spectroscopy were
used for phase characterization of post-reaction samples.
(Fac) and the flow expected (Fex) if only ammonia
decomposition were occurring, for the LiNH2-only
ammonia decomposition experiment. Bottom panel:
details of the experimental temperature program.

Results and Discussions
Pictured in Fig. 2 is the set of component gas flow
profiles observed upon exposing LiNH2 to ammonia
flow throughout the temperature program. Little
change in gas flow is seen during the temperature
dwells when thermodynamic equilibrium has been
established, while the catalytic activity and material
composition of the catalyst changes during the
temperature rises, manifesting in component flow
variation as according to reactions 1, 2, and 3:
1) 2 LiNH2 → Li2NH + NH3
2) 2 Li2NH → Li4NH + ½ N2 + ½ H2
3) 2 NH3 → N2 + 3 H2
The large gas release at 960 min shown enlarged
corresponds to a compositional change from molten
LiNH2 to an imide-like, 𝐹𝑚3̅𝑚 solid solution phase,
Li1+xNH2-x (0 ≤ x ≤ 1, reaction 1) [2], and a
coincident significant rise in x from 0.09–0.6 (i.e.
transition from lithium amide to an imide-dominant
solid solution). This phase change occurred at
Fig. 3. a) Temperature dependence of ammonia conversion
440°C for the LiNH2-Cr and LiNH2-Mn systems
along with sigmoidal fits to the data (black lines) and b) the
compared with 460°C LiNH2 and LiNH2-Fe (Fig.
value of x in the lithium amide-imide solid solution for LiNH2
3.b). All systems containing LiNH2 demonstrated a
and LiNH2-TM (TM = Cr, Mn, Fe) systems.
steep rise in ammonia conversion upon formation of
the 𝐹𝑚3̅𝑚 phase, however conversion was further elevated for LiNH2-Cr and LiNH2-Mn systems (Fig. 3.a). These
results are consistent with the description of these systems as promoted Li2NH catalysts, with Cr and Mn ameliorating
the system’s activity by stabilizing Li2NH relative to LiNH2 and thereby reducing the onset temperature for solid
solution formation. Rietveld refinement of the post-reaction PXRD patterns revealed LixM2-xN (0 ≤ x ≤ 1) phases in
the LiNH2-Cr and LiNH2-Mn systems. The phase labelled Cr2N may contain a degree of lithium occupancy, given Cr2N
was not observed in an analogous experiment using only Cr. These phases may be relevant to the mechanism of the
systems, operating as tandem Li-rich phases in catalytic cycles analogous to reactions 1 and 2, or inhibiting the melt of
LiNH2 and thus optimising its material properties.

Fig. 4. X-ray powder diffraction patterns for a) LiNH2-Cr and b) LiNH2-Mn post-reaction materials, which both contain
(Li,TM)2N phases.

Conclusions
Mass spectrometry and flow measurements of LiNH2-TM composite systems catalyzing the ammonia decomposition
reaction were carried out in the context of ongoing mechanistic uncertainty. A stark ameliorative effect was proven for
LiNH2-Cr and -Mn systems, which was negligible for LiNH2-Fe. Results were consistent with the formation of an Fm3m Li2NH phase being the determinant of catalytic activity, since this coincided with a large increase in ammonia
conversion in each case. It is concluded that Mn and Cr exhibit a stabilizing interaction on Li2NH, such that it forms at
lower temperatures and thus activity is enhanced.
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Introduction
The nitrogen reduction reaction to ammonia is of vital importance to humanity as a source of most manufactured
fertilisers. However, it is also a source, currently, of around 1.5% of global greenhouse gas emissions. While green
hydrogen as a replacement for the steam-methane reforming reaction is a viable approach to producing green ammonia,
issues of scale and intermittency mean that the path towards this solution is fraught. On the other hand, the direct
electrochemical approach to the reduction of nitrogen offers, in principle, a route to ammonia at various levels of scale
and without any sensitivity to intermittency. For this reason the electrochemical Nitrogen Reduction Reaction (e-NRR)
has attracted intense activity in the last five years or so.
However, the obvious and appealing aqueous electrolyte approach to this reaction suffers from serious competition
from the parallel proton reduction to hydrogen reaction, meaning that the Faradaic Efficiency (or selectivity) of the eNRR process is typically quite low. In many reports the yield is also so low that there is a major issue with
contamination as a source of the ammonia, leading to concerns that many reports are actually false positives. The
situation has been reviewed by us and others recently and protocols for reliable results proposed. The first part of this
talk will summarise and update on this unfortunate situation.
On the other hand, the relatively well-known Li-mediated approach to the NRR appears to be making progress towards
practical levels of selectivity and rate. This electrolysis reaction uses aprotic solvent media and thus intrinsically avoids
major competition from H2 evolution. Recent work from our group has shown that phosphonium salts offer an
appropriate degree of proton activity such that they can act as excellent recycling proton carriers for this process. This
proton acidity occurs via the known phosphonium <-> ylide transformation, as shown by extensive NMR studies of the
process. Very recent work in our laboratories has explored the importance of the nature and concentration of the
electrolyte and allowed us to closely approach 100% faradaic efficiency in this Li mediated NRR process.

Conclusions
The particular role of the NTf2- anion in these notably practical levels of performance is thought to be related to the
formation of a dense, layered ion-structure at the electrode interface during operation. This excludes the solvent and
enhances the mobility of the key species, N2 and NH3 through this layer. This talk will discuss this recent work in more
detail and the broader challenges facing electrochemical NRR.
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Introduction
Ammonia is the most promising green energy vector because it is carbon-free and an extremely useful commodity
chemical which is already widely distributed[1], [2]. Storing excess renewable energy in the form of ammonia made
from green hydrogen is widely considered to be the most effective solution for long term storage and shipping of
renewable energy[3]. One of the key reactions to enable such an ammonia economy scenario is the decomposition of
ammonia into hydrogen and nitrogen, for use in either fuel cells or direct combustion engines.
2 𝑁𝐻3 ⇌ 𝑁2 + 3 𝐻2
Thermodynamically, it should be possible to fully split ammonia at around 200°C. However, in practice, current catalyst
technology requires operating temperatures in the excess of 400°C[4]. Furthermore, the current best catalysts are based
on ruthenium metal, a rare and expensive metal, which precludes industrial applications[5]. In this work, we present a
novel strategy for the preparation of extremely well-defined catalysts from colloidal suspensions of monodisperse
nanoparticles of abundant transition metals (Fe, Co and Ni) resulting in catalysts with high activity for ammonia
splitting. The mechanism of the catalyst activation process is elucidated, demonstrating that the high activity is a result
of the full reduction of the metals at low temperature by the organic ligands present on the nanoparticle surface.

Materials and Methods
Colloidal suspensions of monodisperse transition metal nanoparticles (Fe, Co, Ni, Ru) are prepared using a continuous
flow thermal decomposition strategy developed in our group[6]. These colloidal suspensions are then deposited on
various supports (CeO2, Al2O3, carbon nanotubes) by incipient wetness impregnation to prepare the heterogeneous
catalysts used in this study. The resulting catalysts are then tested for ammonia decomposition and fully characterized
by temperature programmed experiments coupled with mass spectroscopy, electron microscopy and X-ray
photoelectron spectroscopy.

Results and Discussions
The ammonia decomposition activity for the prepared catalysts is systematically measured. The effect of the reduction
conditions and the ligands is investigated by selective removal through a calcination procedure. Depending on the metal,
the presence or absence of the ligands leads to an enhancement or reduction of activity. For iron and cobalt, leaving the
ligands on the nanoparticles results in a significant activity improvement. This effect is attributed to reduction of the
metal being facilitated by the presence of carbon species which can effectively reduce the metal oxides to their active
metallic form.
𝑛 𝐶𝑜3 𝑂4 + 2 𝐶𝑛 𝐻2𝑛 → 3𝑛 𝐶𝑜 + 2𝑛 𝐶𝑂 + 2𝑛 𝐻2 𝑂
Nickel is found to have similar activity with or without ligands, as nickel oxide can both be reduced by hydrocarbon
ligands or by hydrogen gas. For ruthenium, the activity is much worse if ligands were left on the nanoparticle. This
effect is likely due to the higher reduction potential ruthenium compared to the other metals, which will remain mostly
under metallic state even in the nanoparticle form. The absence of oxygen species on ruthenium means that it will be
difficult to remove the organic ligands from the nanoparticle surface, leading to blocked active sites. Similarly, ceria as
a support was also found to have a key role by providing oxygen and facilitating ligand oxidation and removal. The
cobalt catalyst was found to be the best, with a TOF at 500°C only 1/6th that of the equivalent Ru catalyst, while Fe and
Ni had a TOF around ½ that of Co but could be a better choice based on price, abundance and ethical considerations.

Conclusions
The work presented provides a new strategy to manufacture highly active catalysts of abundant metals for low
temperature ammonia decomposition, which is essential for the release of hydrogen stored in ammonia and enabling
the hydrogen/ammonia economy. Despite organic ligands being normally considered harmful to catalyst activity, here
we demonstrate that such hydrocarbon ligands can be leveraged to improve reduction and activity on iron and cobalt
nanoparticles, two metals which have so far been considered poor catalysts for ammonia decomposition. The high
activities reported here are also a result of the small size and uniformity of the catalyst, and prevention of sintering that
would occur if a higher temperature was needed for catalyst activation. The process demonstrated here, based on
continuous synthesis of metal nanoparticles, is highly scalable and reproducible, making it readily applicable in a wider
industrial context.
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As sustainable ammonia generation techniques scale so too will the need to contrast and compare emerging synthesis
technologies accurately. It is therefore important to normalise discussion of the common pitfalls of ammonia
quantification. Encouraging scrutiny from our audience has the added benefit of increasing the standard of reporting
across the board and consequently the confidence of early adopters and investors. However, to encourage participation
in this manner requires that we competently communicate existing quantification techniques and the most common
pitfalls to be wary of when reviewing them.
Broadly speaking there are 4 methods of ammonia detection; indirect colourimetric techniques that rely on the
generation of a coloured species known as a chromophore, direct techniques such as infra-red spectroscopy and 1H
NMR, where the ammonia itself is the analyte detected, separation techniques such as chromatography, that extract
ammonia from the sample matrix to aid detection, and destructive techniques such as mass spectrometry, which is
commonly combined with a separation technique to simplify the attained spectra.
Colourimetric techniques are the most widely adopted form of detection as the barrier for implementation is quite low.
All that is required is a UV-Vis adsorption spectrophotometer and the chemical reagents. The Berthelot method is the
most widely trusted method of ammonia quantification. Despite this, it is also widely criticised with reference to the
effect of contamination and interferents upon the formation of the chromophore. It is often argued that if the amount of
these compounds is unknown or unregulated then the quantification cannot be trusted. However, provided that
interferants are not 100% deleterious, then the method of standard additions can (and should) be employed to ensure
accuracy in both accounts. The effectiveness of the method of standard additions will be emphasised, and the key factors
that can be overlooked with generic calibration methods will be highlighted and discussed as they apply to all methods
of quantification.
Those familiar with ammonia quantification via 1H NMR will be aware of the need to acidify any analysis solution to
observe the ammonium triplet, which is only visible as the ammonium ion. However, ammonia quantification by 1H
NMR has further complexities that are broadly overlooked, both in reporting and designing experiments. This can
present a particular problem in the accurate quantification of costly 15N2 experiments. It is crucial to understand the
nuances of the NMR technique to correctly to design or analyse such an experiment[3-5]. To quantify ammonia using
this method an internal standard is employed, which is commonly used in truly quantitative NMR. However,
quantitative NMR has a strict list of rules that must be applied to assume that the relationship between the standard and
the analyte is proportional. Owing to the extended relaxation time of the ammonium triplet, strict adherence to these
rules is not practical in routine experiments. Herein lies the miscommunication; the uninitiated may see 1H NMR used
to quantify ammonia and assume that the laws that have long governed traditional quantitative NMR have been applied.
But this is often not the case. These complexities will be unpacked and presented alongside a list of key criteria for use
in designing and assessing ammonia quantification techniques.
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Introduction
Small Island Developing States (SIDS) are highly dependent on fossil fuels for energy, water, and food production.
This has negative effects on the carbon footprint and resilience of SIDS. Wind power is one of the most promising
options for renewable energy in the coastal areas of the SIDS, as this does not require land area to be utilized for energy
generation. To account for the seasonal intermittent nature of wind energy, ammonia can be used for energy storage. In
this paper, ammonia is examined as an energy vector to reduce the costs and carbon footprint of energy on the island
of Curaçao as a showcase for Caribbean SIDS [1, 2]. Renewable ammonia may be used as a zero-carbon fuel and
hydrogen carrier [3, 4]. Two cases are considered: ammonia produced from local wind resources, or ammonia imported
to Curaçao. The levelized cost of electricity is compared with fossil-based alternatives, which also need to be imported.

Materials and Methods
An overview of the ammonia power system is shown in Fig. 1. Water is desalinated and wind provides electricity for
the Battolyser unit, which is a combination of a battery and an electrolyser for hydrogen (H 2) production [5]. Nitrogen
(N2) is purified from air using pressure swing adsorption (PSA). The ammonia (NH3) is produced with a sorbentenhanced Haber-Bosch process [6], which allows for operation under milder temperatures and pressures compared to
the conventional high-pressure Haber-Bosch process. Electricity is generated from ammonia utilizing a solid oxide fuel
cell (SOFC).

Fig. 1. Overview of the Islanded Ammonia Power Systems on the Island of Curaçao. LCOE: Levelized cost of
electricity.
The ammonia synthesis process has been modelled in Aspen Plus. The optimization of the levelized cost of electricity
(LCOE) for Curaçao has been modelled using Matlab, based on the energy efficiency of the units in the system, and
the CAPEX and OPEX of the units in the system. Furthermore, the cost of imported ammonia is assumed based on
future cost estimates. The cost of fossil fuels has been estimated based on local market prices over the years 2015-2020.
It should be noted that this is before the recent price spike of various fossil fuels.

Results and Discussions
The levelized cost of electricity (LCOE) for the combined wind and ammonia energy storage system on Curaçao is 0.12
USD/kWh at a discount rate of 5%. This is cost competitive with the LCOE of 0.15–0.17 USD/kWh from heavy fuel
oil, which is the main electricity source in the Caribbean SIDS. In Curaçao, the LCOE from LNG and coal without
carbon capture and storage (CCS) is 0.07–0.10 USD/kWh and 0.09–0.14 USD/kWh, respectively. When CCS is
applied, the LCOE from LNG and coal is 0.10–0.13 USD/kWh and 0.14–0.21 USD/kWh, respectively. When allowing
for importing ammonia from other locations as well, the LCOE can be reduced to 0.11 USD/kWh. This suggests that
the LCOE of the combined wind and ammonia energy storage system can be competitive with fossil-based alternatives

with carbon capture and storage (CCS) in a decarbonized energy landscape (Fig. 2). It should be noted that CCS is a
theoretical case, as there is no CCS capacity available in Curaçao. Also, it should be considered that recently the market
prices of fossil fuels has increased, making the islanded ammonia power system even more competitive.
The CO2-footprint of the combined wind energy and ammonia energy storage system is 0.03 kg CO 2/kWh, compared
to 0.04 kg CO2/kWh and 0.12 kg CO2/kWh for LNG-/coal-based energy generation with CCS, respectively.

Fig. 2. Levelized cost of electricity (LCOE) for various feedstocks for the Island of Curaçao.

Conclusions
Ammonia power systems are competitive with fossil-based alternatives in Curaçao. The local ammonia power system
allows to stabilize the grid, at a levelized cost of 0.11-0.12 USD/kWh at a low CO2 footprint of 0.03 kg CO2/kWh. The
example of Curaçao can be utilized for other SIDS, thereby improving the resilience of these communities.
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Introduction
The synthesis of ammonia through the Haber-Bosch process has been at the foundation of the chemical industry for
over 100 years, but when the energy and feedstock sources switch from fossil fuels to renewable electricity, the process
needs to be reimagined to be able to cope with the short- and long-term intermittencies of the renewable energy supply.
In this work, we present an integrated single-vessel ammonia synthesis process where ammonia synthesis and its
separation take place in the same vessel negating the need of recycle, decreasing capital complexity and increasing
process agility suitable for electrification. In addition, we present a techno-economic evaluation showing the advantages
of such single-vessel process for distributed low-scale ammonia production.
The conventional fossil-fuel powered HB process has been highly optimized over the past century, culminating in a
process that is capital intensive, large-scale, continuously operated, and heat integrated between the steps for H2
production and NH3 synthesis. However, when powered by renewable electricity, H2 production occurs through
electrolysis rather than fossil-fuel reforming, which decouples it from NH 3 production, requiring a new a reoptimization of the process [1]. With the new framework of distributed and intermittent renewable electricity, the
optimization constraints shift to agile and low-capital production. However, the HB process has limited flexibility
because it is designed to operate at steady-state and it is fundamentally capital intensive as a result of high operating
pressures (>100 bar). An alternative approach to improve NH 3 separation is by using absorption in metal halides, which
removes ammonia to lower concentrations than condensation, thereby facilitating a lower pressure process (~20-30
bars) [2-3].

Results and Discussions
In this work, we present the experimental feasibility of the integration of the synthesis and separation of ammonia in a
single-vessel, in a recycle-less process depicted in Figure 1. By combining a catalyst and an absorbent operating under
the same mild conditions, single-pass equilibrium is exceeded (Figure 2). A suitable ruthenium-based catalyst is
designed using nanostructured ceria as support and cesium as electronic promoter capable of achieving low-temperature
(<300°C) ammonia synthesis, overcoming the conventional hydrogen inhibition of previously reported catalysts and
quickly approaching equilibrium at moderate pressure (20 bar). A unique absorbent is synthesized from MnCl 2
supported on silica gel with enhanced stability and resistance to decomposition. Kinetic models developed for both
reaction and absorption steps separately enable the optimization of the integrated process to maximize the overall
hydrogen conversion > 90% in the re-defined Haber-Bosch process [4].
In addition, the economic assessment of this novel green ammonia dingle-vessel production processes is evaluated in
comparison to the conventional steady-state operated Haber-Bosch process, a variable production Haber-Bosch process
(i.e. with ramping capabilities) and an absorption enhanced process (where condensation is replaced by absorption)
when applied to a range of renewable energy sources at large and small-scales. We demonstrate that the cost of green
ammonia is strongly dependent on the characteristics of the renewable energy supply (including capacity factor and
variability), the scale of production and the ramping capabilities of the synthesis process.

a. Single vessel integrated process

c.

b.

Figure 1: a. Single-vessel integrated ammonia synthesis process. b. Conversions exceeding single-pass equilibrium in
a layered single-vessel configuration. c. Economics of ammonia production as a function of ammonia production
process and energy source. Ammonia is produced using the constant Haber-Bosch (con. HB), variable Haber-Bosch
(var. HB), absorption enhanced (Abs.Enh.), and single-vessel (S-V) processes with either solar energy in Cambridge,
wind energy in Cambridge, or solar energy in Madrid for a 100 kW installation.

Conclusions
The electrification of the green ammonia production, as an exemplar of other chemical processes, will shift the
traditional target on process optimization from the conventional maximization of efficiency and energy utilization to
the decrease in cost. This work highlights the need for novel green ammonia production technologies such as
absorption enhanced or integrated reaction and separation processes, able to cope with the intermittencies and lack of
ideality in the renewable energy supply though flexible and dynamic production of ammonia, able to ramp production
from 0 to 100% capacity. These results provide the guidelines for the optimization of future green ammonia facilities,
considering scale, source of renewable energy and implementation of emerging synthetic technologies.
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Introduction
Adopting fuel substitution with carbon free or carbon neutral energy vectors has been seen as an effective way for
decarbonisation of the energy sector and especially transportation. Ammonia (NH3) has been proposed as one of the
energy vectors to be used directly in internal combustion (IC) engines or as a hydrogen (H2) carrier in applications
where high energy density and low transportation costs are both essential. However, due to some of NH3 properties,
including low heating value on a mass basis and relatively high auto-ignition temperature, complete in-cylinder
combustion of NH3 is difficult, which leads to significant emissions of NH3 and nitric oxides (NO, NO2, N2O). Using
H2 addition extracted from NH3 before the combustion event appears to be more beneficial than combusting NH3 alone
directly in an IC engine.

Conclusions
The main scope of this research was to investigate energy recovery from vehicle exhaust via catalytic NH 3 conversion
for on-board H2 production. The results show significant potential in improving fuel economy and reducing exhaust gas
emissions. The findings of this research can help the transportation sector to adopt the fuel reforming technology for
on-board hydrogen production from the proposed H2 carrier (NH3) which helps to reduce the carbon footprint well
aligned with the transport decarbonization strategy and meeting the net zero carbon aspiration of the countries.
The presentation will also provide information on the combustion of NH3 and NH3-H2 IC engines and will highlight
synergies with the combustion of alternative e-fuels. Furthermore, the impact of these fuels on emissions characteristics
and the performance of aftertreatment systems will be presented.

PC11 - SOLAR-THERMAL AMMONIA PRODUCTION VIA A
NITRIDE LOOPING CYCLE

Conclusions
A series of metal ternary and quaternary metal nitrides, MxM’yN (M=Co, Ni, Fe; M’=W, Mo) were
synthesized and screened for reduction (ammonia producing) and re-nitridation activity. Of those nitrides,
Co3Mo3N was selected for its large theoretical extent of nitrogen reduction/re-nitridation (up to 50%). Tests
in the ammonia synthesis reactor (ASR) showed cyclic NH3 production and regeneration at pressures up to
an order of magnitude lower than traditional Haber-Bosch. Future work will entail increasing the production
rate and reaction efficiencies via tuning of the reactor conditions as well as investigating the properties of
the other synthesized ternary and quaternary nitrides. These preliminary results show promise for NH3
synthesis via this metal nitride looping process. By utilizing solar as a thermal resource and replacing
hydrocarbon-sourced H2 and N2 with green alternatives, the large carbon footprint of ammonia production
can be vastly reduced or eliminated altogether.

