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Abstract

Ammonia is a fundamental chemical commodity for fertilizer and as a novel energy vector. Solar-driven ammonia
synthesis is proposed as a sustainable alternative to the catalytic energy-intensive and CO2-emitting Haber-Bosch
process. The considered thermochemical process aims to produce ammonia from nitrogen and water
(N2+3H20->2NH3+1.502) via redox cycles using a solar heat source, thus bypassing the supply of Hz or electricity.
Metal oxide/nitride redox pairs can be employed for this cyclic process. The exothermal hydrolysis reaction of
nitrides produces ammonia (MxNy+3H20->2NH3+MxOy), and is followed by one or several regeneration steps
(MxOy+N2>M:Ny+3/202) requiring a heat supply from concentrated solar energy. This study aims to experimentally
identify the most suitable metal nitrides in the hydrolysis step for ammonia synthesis based on solar-driven
chemical-looping. As a result, FeN, CrN, BN, and SisNs turned out to be irrelevant candidates for NHs production,
as the hydrolysis yield was poor up to 1000°C. In contrast, AIN, LisN, CasN2, MgsN2, TiN, and ZrN exhibited
noteworthy reactivity depending on the temperature. The hydrolysis rate of AIN was significantly enhanced only
above 1100°C, TiN showed an increasing NHs production rate with temperature (reaching 3.4 mmol/min/g at
1000°C), while an optimum at 750°C was unveiled for complete ZrN conversion (corresponding to the highest rate
of 34.2 mmol/min/g). Hydrolysis of LisN, CasN2, and MgsN2 was complete at lower temperatures (~200°C), with NH3
yields of 5.9, 4.9, and 18.6 mmol/g, respectively. Solar-driven regeneration of metal nitrides at high temperature
will be then necessary to demonstrate the complete feasibility of thermochemical cycles for green ammonia
synthesis.

Keywords: ammonia synthesis, solar fuel, metal nitrides, chemical-looping, thermochemical cycles, hydrogen
carrier.

1. Introduction

Ammonia is one of the most produced industrial chemical compounds with a current production of 168.1 million
tons and annual growth of more than 2% to reach 197.2 million tons in 2026 (Mordor Intelligence LLP, 2021).
Ammonia is a fundamental component of ammonium nitrate fertilizer. Hence, the main application sector is that of
fertilizers for agriculture, while new applications as an energy carrier or as an effective means of hydrogen storage
(Aziz et al., 2020) show a growing interest in proposing alternatives to fossil fuels. An increasing demand in
ammonia is thus foreseen in the future. Ammonia as a clean fuel (and hydrogen carrier/vector) is promising since
it can be stored more easily than hydrogen in the liquid form (NHs boiling point = -33.4 °C at 1 atm versus -253 °C
for Hz) and it offers a higher volumetric energy density (12.7 MJ/L) than liquid hydrogen (8.5 MJ/L). Furthermore,
vast ammonia infrastructure already exists due to its extensive use for fertilizers.

The search for carbon-free alternatives and less energy-intensive solutions for NH3 production represents a major
challenge for the years to come. Indeed, ammonia is currently produced by the Haber-Bosch process (Nz(g) + 3H2(q)
= 2NH3), AH® = -91.9 kJ mol') developed more than a century ago, which is highly energy-intensive and
generates greenhouse gas (GHG) emissions (2.2 tons CO2/ ton NH; (Rafiqul et al., 2005)). The ammonia
production represents about 2% of the world consumption of fossil energy and generates over 420 million tons of
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CO2 per year, thus representing 1.2% of global anthropic CO2 emissions (Liu et al., 2020). The Haber-Bosch
process consists in reacting hydrogen (Hz) with nitrogen (N2) using catalysts at high temperatures and pressures
(400/650°C — 200/400 bars) and relies on fossil fuels. Indeed, the hydrogen required for the synthesis of ammonia
is currently produced by steam reforming of natural gas, while N2 is obtained by cryogenic separation of air. Both
of these processes require a large input of energy, causing significant concomitant GHG emissions. Specific studies
have been proposed to improve the efficiency of NHs synthesis unit by associating a tri-reforming reactor with a
membrane unit (Damanabi et al., 2019). However, the use of ammonia as an energy carrier cannot be considered
as a decarbonized source when using hydrogen of fossil origin. It is thus necessary to develop alternatives to the
Haber-Bosch process. In order to make ammonia a sustainable energy carrier in the future, the decarbonation of
its production and the use of a renewable energy source are necessary. The decarbonation of ammonia production
can be achieved by using green hydrogen (produced by electrolysis) or by directly producing ammonia via new
electrochemical or thermochemical processes. However, with the increasing deployment of hydrogen as an energy
carrier in the transport sector or for industrial applications (e.g., for direct reduced iron and steel metallurgy (Bhaskar
et al., 2020; Patisson and Mirgaux, 2020)), it becomes necessary to develop alternatives for ammonia production
in order to avoid consuming the green hydrogen feedstocks that will be produced. The direct use of Hz in the
process should therefore be avoided, while preferring production from nitrogen and water.

To avoid using the Haber-Bosch process, the synthesis of ammonia from renewable energies must be developed
on an industrial scale (Wang et al., 2018). Accordingly, the primary energy source can be used either in the form
of electricity or in the form of heat. The solar-driven production of ammonia by directly using the heat generated by
solar concentrating systems with a higher energy conversion efficiency than electrolysis (because it is not limited
by the efficiency of the intermediate electricity production) appears to be an ideal solution (Abanades, 2023). This
method is advantageous because it can potentially produce ammonia from N2 and H20 without electricity input or
hydrogen consumption. The overall reaction is however highly endothermic (N2 + 3H20 = 2NH3 + 3,02, AH°=
633.6 kJ/mol), it cannot occur spontaneously due to the high stability of nitrogen and requires a significant energy
input (either heat or electricity). Therefore, the use of concentrated solar energy for providing the reaction enthalpy
represents a major interest. This reaction corresponds to the reverse of NH3s combustion, achievable thanks to
contribution of solar energy.

Various alternative methods of ammonia production under mild conditions have been proposed, especially for solar
energy integration in low-pressure green ammonia production technologies (Klaas et al., 2021). Possible processes
include solid state synthesis, molten salt synthesis, thermochemical looping and photocatalytic routes.
Electrochemical processes based on green electricity produced by renewable energies have been studied to
synthesize ammonia, among which one can cite solid-state ammonia synthesis (SSAS) (Kishira et al., 2017,
Kyriakou et al., 2017; Marnellos et al., 2000; Marnellos and Stoukides, 1998; Qing et al., 2016) or synthesis by
means of molten salts (Murakami et al., 2005a, 2005b, 2003). Such electrochemical processes require electrodes
and an electrolyte (solid or molten salts) and have the advantage of not requiring high pressures. However, in some
electrochemical processes, the synthesis still makes use of N2 and Hz, itis thus necessary to privilege the processes
rather based on the use of N2 and water. Among the main drawbacks of such processes, it can be noticed that the
electrodes generally include noble metals (Pd, Pt, Ru) (Ceballos et al., 2021), the NH3 production rates are low,
and the overall efficiency of the process remains limited by the conversion of the primary energy source into
electricity. Other routes have considered the chemical looping of metal nitrides consisting of a reduction of N2 with
a looped metal nitride (MaNo-5 + 8/2 N2> MaNb), followed by separate hydrogenation of the lattice nitrogen in
ammonia (MaNp + 38/2 H2 > MaNo-5 + & NH3) (Daisley and Hargreaves, 2023; Goto et al., 2021; Hunter et al., 2010;
Laassiri et al., 2018; Michalsky et al., 2015a; Yang et al., 2022). However, such a process still relies on the use of
Hz as feedstock, since the net reaction remains unchanged (N2 + 3Hz = 2NHs), and the exothermicity of this global
reaction makes the use of solar energy less attractive.

As an alternative to the Haber-Bosch process and the electrochemical synthesis of ammonia, this study aims to
develop thermochemical processes for the production of ammonia from N2 and H:20, using concentrated solar
energy as a high-temperature heat source. Previous works have already been devoted to the development of solar-
driven thermochemical redox cycles for water splitting to produce hydrogen (Abanades, 2022; Haeussler et al.,
2019; Le Gal and Abanades, 2011; Xiao et al., 2012). Reduction of metal oxides using high-temperature solar heat
has also been proved to be feasible (Chambon et al., 2010a, 2010b; Chuayboon and Abanades, 2019). Similarly,
metal oxide/nitride redox cycles can be proposed. Chemical-looping ammonia production pathways have been
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reviewed (Lai et al., 2022). The ammonia synthesis reaction from water and nitrogen can be decomposed into
several steps, with high-temperature heat supplied by concentrated solar radiation as the only energy input. Such
cycles for solar thermochemical ammonia production can be operated in two or three steps, using different reactive
intermediate materials participating in the reactions. This makes possible the ammonia synthesis under milder
conditions (atmospheric pressure and temperatures compatible with concentrated solar energy). For instance, two-
step cycles involve a reaction of metal nitride with water vapour to produce ammonia and the metal oxide (Eq. 1),
followed by an endothermic step (Eq. 2) corresponding to the regeneration of metal nitride from the nitridation
reaction of the oxide with N2 (and with the potential support of a reducing agent such as C, CHs, biomass).

MxNy+ 3H20 = 2NH3 + MxOy (1)

MxOy + N2 = MiNy + 320 (2)

A three-step cycle based on the metal oxide/nitride redox pair can also be considered with the same overall net
reaction (Klaas et al., 2021) (note that equations are not balanced as they depend on the redox pair involved):

Nitridation: M (metal) + N2 = McNy (metal nitride) 3)
Hydrolysis: MxNy + 3H20 = 2NHs + MxOy (metal oxide) (4)
Reduction: MxOy = M (metal regeneration) + 3/20, (5)
Overall net equation: N2 + 3H20 = 2 NH; + 3202 (6)

The main advantages of such cycles include: (i) the absence of a fossil energy source allowing the decarbonation
of ammonia production, (ii) the use of hydrogen as a reactant is not required, (iii) the reaction carried out at
atmospheric pressure, (iv) the absence of expensive catalysts and material consumption as the reactive materials
are cycled, (iv) the direct use of solar energy as a process heat source without intermediate production of electricity,
thereby enhancing overall energy conversion efficiencies. Recent theoretical studies have identified possible
oxide/nitride redox couples (Bartel et al., 2019), but to date very few experimental studies have demonstrated the
feasibility of solar ammonia production by thermochemical cycles. Nitrides of chromium, aluminum, lithium,
molybdenum and manganese were previously proposed and studied experimentally (Galvez et al., 2008; Jain et
al., 2017; Michalsky et al., 2015b; Michalsky and Pfromm, 2011). However, there is no available comprehensive
experimental study comparing the ability of various nitrides to produce ammonia. In addition, high-throughput
equilibrium analysis and computational screening were also performed for rapid identification of candidate materials
(Bartel et al., 2019; Michalsky and Steinfeld, 2017). Regarding the synthesis of nitrides (regeneration step), the
solar carbothermal reduction of metal oxides (Al2Os, SiOz, TiOz, and ZrO2) in N2 to produce nitrides was
demonstrated (Murray et al., 1995), which confirmed the feasibility of nitrides synthesis from their oxides at high
temperatures with the addition of a reducing agent. The economics and scale-up ability of the technology have
been assessed (Galvez et al., 2007b; Michalsky et al., 2012).

Solar ammonia production via thermochemical cycles based on metal nitrides is a suitable means for the
decarbonation of the industrial process, reducing both its environmental impact and its energy/economic costs.
Several innovative aspects of this approach can be mentioned. The solar process considered for ammonia
production avoids the direct use of hydrogen as a feedstock, while being a green process without electricity supply.
The cycles are solely based on metal nitrides as intermediate compounds and on solar heat for NHs production
from N2 and H20 as the only feedstocks. The development of active metal nitride materials for the hydrolysis step
to synthesize NH3 with high yields and the high-temperature solar-driven regeneration for the nitridation step are
the main challenges for process performance enhancement, paving the way to industrial applications.

In particular, the reactivity of nitrides during hydrolysis must first be demonstrated experimentally to identify suitable
candidates for solar ammonia synthesis. Experimental screening of metal nitrides hydrolysis has never been done
before. There is no study comparing the reactivity of different nitrides in the literature. In addition, their ability to
produce ammonia during hydrolysis must be quantified and suitable operating conditions must be identified for
each candidate material. In this study, a series of metal nitrides was thus selected for an experimental screening
of their reactivity towards the production of NHs. The aim was to identify the most suitable metal nitrides in the
hydrolysis step to synthesize NHs with high yields and production rates. The reaction conversion, hydrolysis rate,
and ammonia production capacity were evaluated by investigating the direct reaction of nitride powders with steam
in a packed-bed reactor, and the influence of temperature was probed. Ammonia production was directly measured
and quantified via continuous evolved gas analysis. Active metal nitride candidates with their corresponding
performance for ammonia synthesis were identified.
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2. Experimental set-up and methods

2.1 Experimental bench

An experimental bench dedicated to the study of the hydrolysis step of metal nitrides with continuous evolved gas
analysis has been specifically developed to perform nitrides screening and compare NH3 production rates. The
experimental set-up (Figure 1) is composed of a vertical tubular furnace to study the production of NH3 at different
temperatures. A tubular quartz reactor is placed inside the furnace. The metal nitride powder is loaded as a packed-
bed (~0.1-0.5 g) inside the vertical tubular furnace in the center of the quartz tube (16 mm inside diameter, middle
of the tube 175 mm from the ends) and supported by a porous ceramic (zirconia felt).

The reactor is connected to a gas inlet to inject the carrier gas (Ar, 99.999% purity) with a flow-rate controlled by a
mass-flow controller (MFC, Brooks, range 0-1 NL/min). A stainless-steel capillary is placed inside the quartz tube
to inject water vapor using a calibrated peristaltic pump (for liquid water flow-rate control). The water is then
vaporized as it flows through the capillary and exits as steam which is transported by the Ar carrier gas through the
powder bed. At the quartz tube outlet, a heated line (T > 120°C) is used to sample the exhaust gases towards an
NHs analyzer, avoiding any condensation of steam in which the soluble NH3 could be trapped. On this outlet, an
auxiliary Ar input (MFC, Brooks, range 0-5 NL/min) is connected for the dilution of the NH3z concentration in order
to maintain it within the detection range of the analyzer. The maximum NHs concentration reached also depends
on the initial mass of loaded nitride in the reactor, which must be thus controlled to avoid peak saturation. The
exiting gas is analyzed using a dedicated UV-vis spectrophotometer (OMA-406, Applied Analytics, measurement
cell heated to 150°C, range: 0-10000 ppm, calibrated with 5000 ppm NH3 calibration gas) to continuously measure
the ammonia concentration during hydrolysis and monitor the progress of the reaction (one measurement
performed every 5 s). The reaction temperature is measured by a K-type thermocouple reaching inside the powder
bed. Both the sample bed temperature and the NHs concentration are recorded continuously by data acquisition
with a time step of 1 s.

Argon inlet
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Figure 1. Experimental hydrolysis reactor and set-up: (a) Schematic of the packed-bed of commercial nitride
powder in a vertical tubular furnace with continuous NH3 analysis in the exit gas, (b) Photograph of the set-up (1.
Tubular furnace; 2. Quartz tube reactor; 3. Peristaltic pump; 4. Heated line; 5. NH3 analyzer; 6. Acquisition
system).

2.2 Materials and methods
A series of ten commercial metal nitrides (Sigma Aldrich) was selected to investigate the hydrolysis reaction: AIN
(purity 298%, metals basis), LisN (99.4%), CasN2(99%), MgsN2 (99.6%), TiN (299.7%), CrN (Cr2N+CrN, 299.5%),
FexN (x=2-4, 299.7%), BN (=299.7%), SisN4 (99.9%), and ZrN (99.5%).
These materials are expected to react with water according to the following general equation:

MaNp + X H20 = McOq + y NH3 (7)
Each material was thus tested during the hydrolysis reaction to compare the NH3 production yields and the reaction
rates at different temperatures.
The nitridation step was not studied in this work, but the carbothermal reduction of oxides in the presence of N
appears to be a favorable route for the regeneration of nitrides. For instance, the combined carbothermal reduction
and nitridation of Al20s, TiO2, SiO2 and ZrO: oxides are thermodynamically possible upon increasing temperature
based on their Gibbs free enthalpy variation (Murray et al., 1995).

The experimental conditions are summarized in Table S1 (Supplementary Information). The Ar carrier gas flow-
rate was set at 0.2 NL/min and the water vapor flow-rate was 0.224 NL/min. The resulting steam molar content in
the reactor was therefore 52.8%. At the reactor outlet, the gas was diluted with Ar (typically 1.25 NL/min) before
being injected into the analyzer to avoid saturation of the analysis cell and to remain within the suitable
measurement range of the gas analysis system (0-10000 ppm). The nitride mass loaded in the reactor was thus
maintained low enough to avoid excessively high ammonia concentrations in the outlet gas and to prevent signal
saturation, thus warranting reliable online analysis. The amount of NH3 evolved from the hydrolysis reactions was
quantified, as detailed in the following. The NH3 mole fraction (ynu3) was measured as a function of time. From

these data, the production rate and the total amount of NH3 can be calculated as follows:
B YNH, Qotal

Qupg,=—> (8)

Mnitride

with Qup, the NHs production rate per unit mass of nitride (mol.min-".g-"), yns the NH3 mole fraction at the reactor

outlet, Qutal the total outlet gas molar flow-rate after dilution (mol/min), and mairige the nitride mass loaded into the
reactor (g).

Quta depends on the studied nitride and the corresponding global reaction equation of the hydrolysis. Indeed, part
of the injected steam is consumed during the reaction producing NHs. The outlet gas flow-rate corresponds to the
sum of the outlet flow-rates of argon (Qar), unreacted steam (Qu,0 outet ) @nd NHs, and is therefore expressed by:
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Quotal = Qar * QHgO,outIet + mnitride'QNH3 9)

For example, in the case of MgsN2 hydrolysis, the overall equation is given by:
MgsN2 + 6 H20 = 3 Mg(OH)2 + 2 NH3 (10)

The flow-rate of unreacted steam can then be calculated as follows:
Qh,0,0utiet = Qhy0,intet = 3 Qg (11)

By combining Egs. (8), (9), and (11), Qs can be expressed as:
_ yNHs'(QAr+QH20,inlet)
NH3 ™ (1+2yNH3)'mnitride (12)
The total amount of NH3 produced (mol/g) is calculated by integrating the NHs molar flow-rate over the hydrolysis
step duration.

t
Mty = Jy Qi dt (13)

The performance metrics including global amounts of generated ammonia and production rates were expressed
per unit mass of metal nitride (Eq. 8 and Eq. 13) for comparison purpose on the same basis.

The ammonia yield can then be obtained from:
NNH3

XNH3: NNHg,max (14)

where Ny, max i the theoretical maximum amount of NHs calculated from the overall reaction equation.

In addition, the structure and microstructure of fresh and hydrolyzed materials were characterized by different
techniques to verify the powders conversion and to confirm that the reactions occur as expected.

Crystalline structure and phase identification were studied by X-ray diffraction (XRD) using a Panalytical XPERT
PRO diffractometer with the Cu Ka radiation (aCu = 0.15406 nm, angular range = 20-80°, 26, tube current 20 mA,
potential 40 kV).

The morphology of the materials was observed with a Field Emission Scanning Electron Microscope (FESEM -
Hitachi S4800) used to examine /compare the microstructure of the powders. An elemental chemical analysis
cartography was carried out by EDX analysis (Energy Dispersive X-ray Spectroscopy, using a Zeiss Sigma 300
with an accelerating voltage of 15 keV) to estimate the chemical composition and observe elements distribution
(surface mapping) in the materials.

In total, 44 hydrolysis runs were carried out with the experimental set-up in order to characterize the series of 10
metal nitrides considered (Table S1).

3. Results and discussion
3.1 Aluminum nitride (AIN)
The hydrolysis of AIN can be written:
2AIN + 3H20 - Al203 + 2NH; AH°=-274.1 kJ/mol (15)

The theoretical production corresponds to one mole of NH3 per mole AIN, i.e., 24.4 mmol/g or 546.5 mL/g (based
on the Hz equivalence, this corresponds to 36.6 mmoln2/g).

The regeneration of the nitride may be achieved via the following route:
Al203 + N2 = 2AIN + 3/,0, AH®=1039.7 kd/mol (16)

This highly endothermic reaction is not thermodynamically favorable and the addition of a carbonaceous reducing
agent (carbon or methane (Galvez et al., 2008, 2007b, 2007a)) is necessary according to:
Al203 + 3C + N2 = 2AIN + 3CO (17)

6
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Al,03 + 3CH4 + N2 > 2AIN + 6H2 + 3CO (18)
The solar-driven carbothermal reduction of Al203 in N2 atmosphere has also been studied (Murray et al., 1995).

Figure 2 shows the equilibrium composition of the 2AIN + 3H.0 system (Eq. 15) as a function of temperature at 1
bar. The hydrolysis reaction producing ammonia is thermodynamically favorable at low temperature (below
~200°C), whereas NH3 is not stable above 300°C as it decomposes into H2 and N2 although a metastable state
may exist without the presence of catalysts. It should be noted that similar thermodynamic equilibrium distributions
are obtained regardless of the metal nitride considered, with NH3 being stable only below 300°C.
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Figure 2. Thermodynamic equilibrium composition of the 2AIN + 3H20 system as a function of the temperature at
1 bar.

A series of ten AIN hydrolysis runs was carried out at temperatures ranging from 200°C to 1200°C. Repeatability
of the results was confirmed through different tests with similar conditions. The initial AIN mass did not significantly
affect the mass-specific amount of ammonia produced (e.g., 1 mmol/g in run #13 vs. 1.1 mmol/g in run #14 at
1000°C). Increasing the temperature was found to significantly improve NH3 production. Indeed, the NH; production
rate was low below 1000°C, but it increased drastically above this temperature. This suggests that the reaction is
hindered by kinetic limitations since the increase in temperature favors the reaction kinetics, although the reaction
is not thermodynamically favorable at high temperatures. Actually, the slow kinetics at low temperatures does not
allow thermodynamic equilibrium to be reached in a reasonable reaction time. Figure S1 represents the evolution
of the NHs production rate at 550°C and 960°C. NHs was detected right from the steam was injected, with total
production yields (nnus) of 0.66 and 0.77 mmol/g, respectively. The NH3 concentration reached a peak promptly
then gradually decreased until reaching negligible values. During AIN sample heating, a weak NH3 production was
measured around 200°C even in the absence of H20 (Fig. S1b), which suggests a reaction of AIN with residual
moisture.

Figure 3a shows the evolution of the NH3 production rates at 1100°C (hydrolysis of 155 mg AIN) and 1200°C
(hydrolysis of 156 mg AIN) as a function of time, which confirms the improved kinetics when increasing the
temperature. During hydrolysis at 1200°C, the peak production rate of NH; reached 1.6.10- mol/min/g versus 5.10-
5 mol/min/g at 1100°C. The total reaction duration decreased from about 40 min at 1100°C to 20 min at 1200°C.
Therefore, heating the reactants favored the NH; production rate although the reaction was thermodynamically less
favorable. The cumulative production of NHs reached about 1.1 mmol/g (which corresponds to an NHs yield X3
of 4.5%). This total NH; yield remained almost unchanged whatever the temperature (Fig. 3b). The high
temperature necessary to reach a significant hydrolysis rate (above 1000°C) can however represent an obstacle
to the implementation of the Al2Os/AIN redox system, given that the NHs; yield is not improved above this
temperature.
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Figure 3. NH; production during AIN hydrolysis at 1100°C and 1200°C: (a) evolution of NH3 production rate as a
function of time, (b) cumulative NHs production as a function of time.

Characterization of the products was carried out to identify the main phases after the hydrolysis reaction and to
confirm the oxidation of the nitrides during ammonia synthesis upon exposure to steam. XRD analysis of materials
before and after two hydrolysis tests at 1000°C (Fig. 4) showed that the reaction was not complete because AIN
was still present in majority after reaction in both tests. In contrast, the products analysis after AIN hydrolysis at
1100°C and 1200°C (Fig. S2) showed that Al2O3 was the main species with residual traces of AIN (in lower amount
at 1200°C than at 1100°C), which confirmed the efficient conversion of AIN to Al2Os. Some traces of ZrO:
(tetragonal) were also identified due the zirconia felt used as support for the packed-bed of nitride powder during
hydrolysis tests (this support could not be completely eliminated during the recovery of the packed-bed powder
after reaction).
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Figure 4. XRD patterns of AIN powders before and after hydrolysis at 1000°C.

A semi-quantitative EDX analysis was carried out for the powders collected after hydrolysis at 1100°C and 1200°C
to confirm the complete conversion of the nitride during the reaction. Tables S2-3 report the atomic composition of
the powders on different analysis zones (Figs. S3-4). For both temperatures, the Al/O ratio was close to the atomic
composition of Al203 with Al/O = 0.57 at 1100°C and Al/O = 0.69 at 1200°C. The absence of nitrogen (below the
detection limit) also denotes that AIN hydrolysis was complete at these temperatures and AIN was efficiently
converted to Al20s after reaction. It should be noted that nitrogen is a light element that is difficult to detect and that
it may be present in an amount lower than the detection limit of the analysis method. Figures S5 and S6 show SEM
micrographs and X-ray elemental mapping of powders after hydrolysis at 1100°C and 1200°C. The distribution of
Al and O is homogeneous, which means that these elements are evenly distributed over the sample surface.
Although complete AIN conversion was observed above 1000°C, the NH3 production yield was low compared to
the maximum achievable value from Eq. (15), which is explained by the thermal instability of NHs. Indeed, ammonia
is not stable at high temperatures according to thermodynamics (Figure 2) and can decompose into N2 and Hz. The
NHs yield was therefore likely limited by the thermodynamically favorable dissociation of NHa. These results are
consistent with previous kinetic studies performed by thermogravimetric analysis (Gélvez et al., 2007a), in which a
reaction conversion close to 95% was reported at 1100°C and 1200°C, and 68% at 950°C using a mixture 80%
H20-Ar. However, the reaction rate was drastically reduced under 10% H20-Ar with a reaction extent of 40% at
1200°C after 20 min (complete reaction after ~100 min) and 20% at 1100°C after 30 min. This study also reported
a maximum NHs yield of 88% obtained at 1000°C for a reaction extent of 93%, which decreased at higher
temperatures. Importantly in this study, ammonia was not directly detected and measured by gas analysis, but
indirectly quantified by mass balance.

3.2 Lithium nitride (LisN)
The synthesis of ammonia from lithium nitride was considered by Jain et al. (Jain et al., 2017), considering both the
nitride hydrolysis reaction (Eq. 19) and the nitride regeneration.

2LisN + 6H20 > 6LIOH + 2NHs ~ AH°=-1236.8 kJ/mol (19)

The theoretical amount of NH3 produced corresponds to one mole NH3 per mole LisN, thus 28.7 mmol/g (642.9
mL/g) and 43.1 mmolx2/g relative to the Hz equivalence. Lithium is a light element, which results in a high mass-
specific NHs production potential, relative to the mass of material.

Figure 5a shows the evolution of the NH3 production rate during LisN hydrolysis (107 mg) at 200°C. The reaction
rate was fast and several successive peaks in NHs production were observed due to unstable steam injection
caused by discontinuous droplet feeding. The hydrolysis reaction was completed in less than 2 min. The maximum
NH; production rate reached 1.28.10-2 mol/min/g and the total NH; yield reached 5.9 mmollg (Figure 5b),
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corresponding to a hydrolysis yield of 20.3%. A prompt and substantial increase in temperature (+80°C) was also
observed during the reaction, which can be attributed to the heat generated by the strongly exothermic reaction.
As a result, the product was sintered but could be recovered for solid phase characterization. According to XRD
(Fig. S7), the LisN powder was totally converted after hydrolysis with the presence of LiIOH phase. These results
are in agreement with previous work on the reaction of lithium nitride with water vapor at 100°C showing major
formation of NH; detected by gas chromatography (Jain et al., 2017).
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Figure 5. NH; production during LisN hydrolysis at 200°C: (a) evolution of NH3 production rate as a function of
time, (b) cumulative NH3 production as a function of time.

3.3 Chromium (Cr2N/CrN), boron (BN), iron (FexN), and silicon (Si3N4) nitrides

Chromium, iron, boron, and silicon nitrides did not show a high reactivity during hydrolysis regardless of the
temperature considered. Experimental results for the hydrolysis of these nitrides are given in the following without
detailed characterization as they were not identified as suitable candidates for ammonia production.

Chromium nitride was previously considered for solar ammonia production (Michalsky and Pfromm, 2011). The

reduction of Cr.03 was carried out in N2 with the help of a reducing agent such as CO or Hz, resulting in the formation
of a CrN and Cr2N mixture. Then, a small amount of NH3 was measured during hydrolysis in this previous work,
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which was attributed to the slow corrosion kinetics of this nitride (also well known for its application as a protective
coating).
The hydrolysis reaction can be written as follows:

CraN + 3H20 - Cr203 + NHs + 3/2H; AH®=-329.6 kJ/mol (20)

The hydrolysis of commercial chromium nitride (520 mg) composed of a mixture of CroN and CrN phases (Fig. S8,
mean Cr/N atomic ratio of 1.7 measured by EDX) was investigated at temperatures of 570°C and 950°C. Figure
S9a shows the NH3 production profile as a function of time with steam injections at 570°C and 950°C. Whatever
the temperature, the NH3 production remained very low with peak production rates of 1.10 mol/min/g and 7.8.10-
6 mol/min/g at 570°C and 950°C, respectively. The cumulated value of NH3 production during CrN hydrolysis was
also weak and did not exceed 10 pymol/g (Figure S9b). These results are in agreement with previous studies
(1.07x10-* mol NHs/mol Cr/min reported by Michalsky and Pfromm, 2011) and the main reason for this low
production was attributed to the preferential formation of N2 by nitride decomposition instead of NH3 formation.

Boron nitride was identified in a theoretical study as a potential candidate material for solar thermochemical NH3
synthesis (Bartel et al., 2019). Equilibrium calculations identified the BN/B203 redox couple with the ability to
produce 10 mmolnws/g in one cycle.

2BN + 3H20 = B20s + 2NH; AH®=-138.9 kJ/mol (21)

In order to experimentally test the feasibility of ammonia synthesis, the hydrolysis of commercial boron nitride (198
mg) was carried out in this work at different temperatures (pure cubic BN phase was identified by XRD, Fig. S8).
Figure S10a shows the NH; production profile at 370°C, 700°C, and 970°C. As a result, very weak production rates
were observed at the lowest temperatures while a peak production rate of 1.10-> mol/min/g was reached at 970°C.
However, the cumulated production yield remained low with only 31 pmolns/g (Figure S10b). After the reaction,
the material was vaporized and could not be recovered. Therefore, contrary to theoretical predictions, boron nitride
did not show suitable hydrolysis reactivity for ammonia synthesis at the different temperatures studied.

Iron nitride was also previously identified as a potential material for ammonia synthesis (Bartel et al., 2019) and
was thus considered in this work. Commercial iron nitride is labeled with a FexN composition (x in the range 2-4).
A mean Fe/N atomic ratio of 3.2 was measured by EDX. A phase mixture of mainly FesN with FesN was identified
by XRD (Fig. S8).

The NH; production profile from FexN (400 mg) at 250°C, 550°C, and 1000°C is shown in Figure S11. At 250°C,
no production was detected. At 550°C, a peak of NH3 production was measured with a maximum value at 3.2.10-
mol/min/g but no further NHz was significantly observed at 1000°C. The total cumulative production of NH3 at 550°C
was 230 pmol/g (Figure S11b), which remains well below the theoretically predicted 10 mmol/g. In addition, part of
the material was melted and sublimated after the test (rust-colored deposit on the walls of the quartz tube denoting
the presence of Fe20s).

XRD analysis of the material after hydrolysis was carried out (Figure S12), which revealed the presence of different
iron oxide phases (FeO, Fe20s and Fes0s), without any nitride phase being detected. This shows that NH3
production is not correlated to the oxidation state of the material after hydrolysis. In other words, ammonia formation
may not occur even if the material is fully oxidized after hydrolysis. The nitrogen released can indeed form species
other than NHs (such as N2) or NH3 can be thermally decomposed before exiting the reactor.

Silicon nitride was studied to evaluate its reactivity toward NH3 synthesis during hydrolysis.
SisN4 + 6H20 > 3Si02+4NH;  AH°=-636.5 kJ/mol (22)

Figure S13a shows the NH3 production profile during three consecutive hydrolysis tests of SisN4 (322 mg) at 220°C,
520°C, and 980°C. Peaks of NH3 production rate were observed at the three temperatures and reached 9.10°,
2.1.10* and 2.6.10 mol/min/g, respectively. The production rate was enhanced when the temperature increased.
The cumulative amounts of NH3 remained low for each temperature and were respectively 5, 65, and 183 umol/g
(Figure S13b). According to XRD (Fig. S14), the SisN4 phase was still the main one detected after hydrolysis,
confirming the negligible nitride powder conversion.
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3.4 Calcium nitride (CasNz)
The hydrolysis of calcium nitride has been thoroughly investigated given the good reactivity towards NH3 synthesis.
The overall reaction equations are:
CasN2 + 6H20 - 3Ca(OH)2 + 2NH3 AH°=-1167.6 kJ/mol (23)
CasN2 + 3H20 - 3Ca0 + 2NHs AH°= -840.2 kJ/mol (24)

Based on Eq. (23), the theoretical maximum NH; production is 13.5.10-® mol/g. Figure 6 shows the NH3 production
profile during CasN2 hydrolysis (100 mg) at 250°C. Calcium nitride is highly reactive during hydrolysis with a peak
production rate of NH3 reaching 5.2.10-3 mol/min/g and an overall reaction duration of about 10 min. Steam was
injected at a reactor temperature of 250°C inducing a slight temperature increase (260°C) due to the exothermal
reaction, but strong temperature variations between 170°C and 90°C were then observed, which can be explained
by the energy consumed by the vaporization of water and falling droplets on the thermocouple. Figure 6b plots the
cumulative production of NHs during CasN2 hydrolysis, reaching a value of 4.9.10-® mol/g in less than 10 min
(corresponding to 36.5% of the theoretical maximum production). The strong temperature drop during hydrolysis
(up to ~100°C) may be responsible for the incomplete NHs yield. Additional tests were carried out between 170 and
290°C and confirmed complete reactions in less than 10 min with an overall NH3 yield increasing with temperature
(~14 mmol/g when the temperature was maintained above 200°C during hydrolysis), as shown in Figure S15. The
measured NH3 production thus corresponds to about 100% of the theoretical maximum production when the
temperature is high enough.

12



470
471

472
473
474
475
476
477
478
479
480

6.0E-03 - - 300
(a) - _ o X
5 —Temperature
‘_‘? 5.0E-03 - 1 250
£
£ —_—
< 4.0E-03 - 1200 &
E o
8 5
S 3.0E-03 - 1150 @
c @
.0 =
3 E
_g 2.0E-03 100 ﬁ
e
Q.
< 1.0E-03 1 50
: LLJL_-\:
0.0E+00 — : T ‘ : : ==L 0
0 200 400 600 800 1000 1200
Time (s)
6000 - -+ 300
(b) —NH3 - H0 -
—temperature
. 5000
o
2 5
5 4000 s
© @
z 5
< 3000 ‘é
-] )
5
> 2000 )
T =
=
1000
0 0

0 200 400 600 800 1000 1200
Time (s)

Figure 6. NH3 production during CasN2 hydrolysis at 260°C: (a) evolution of NH3 production rate as a function of

time, (b) cumulative NH3 production as a function of time.

The material was characterized by XRD before and after hydrolysis at different temperatures to identify the existing
phases and compare with the fresh material (Figure 7). Whatever the hydrolysis temperature (160°C, 200°C or
250°C), the nitride phase disappeared and Ca(OH). was the main phase identified, which denotes a total oxidation
of the nitride (and a hydration of Ca0). A complete conversion of the nitride with water was thus confirmed by XRD.
A tetragonal ZrO2 phase was also detected, due to zirconia felt as a powder support in the reactor. Also note the
absence of Ca0, as calcium hydroxide is stable and does not decompose at these temperatures.
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Figure 7. XRD patterns of calcium nitride powders before and after hydrolysis at different temperatures.

EDX analysis of the powder hydrolyzed at 270°C was carried out. Table S4 reports the atomic composition of the
powder, which shows the absence of nitrogen trace in the sample thus confirming the complete nitride conversion.
With a composition of 33%at Ca and 65.7%at O, the Ca/O ratio is 0.5, thus corresponding to the atomic ratio in
Ca(OH)2. Traces of zirconium are also detected and correspond to the powder felt support used during the tests.
Figure S16 shows the SEM and EDX elemental mapping of the sample composed of Ca and O evenly distributed
on the surface.

3.5 Magnesium nitride (MgaN2)
The hydrolysis reaction of commercial magnesium nitride (101 mg) was studied, with the following overall
equations:
MgsN2 + 6H20 = 3Mg(OH)2 + 2NH3 AH°=-953.4 kJ/mol (25)
MgsN2 + 3H20 = 3MgO + 2NH; AH®=-709.7 kJ/mol (26)

The calculated maximum NHs production is 19.8.10- mol/g. Figure 8 shows the NH3 production profile during the
hydrolysis of MgsN2 at 190°C. During steam injection, the temperature dropped rapidly due to water vaporization.
A substantial production of NH3 was measured with a maximum peak rate of 1.8.10-2 mol/min/g and an overall
reaction duration of less than 10 min, as confirmed by the NH3 production returning to zero before the end of steam
injection. The cumulative production of NHs during MgsN2 hydrolysis at 190°C was 18.6.10-* mol/g (Figure 8b),
which corresponds to 94% of the maximum theoretical NH3 yield.

Other tests were also carried out at slightly different temperatures (from 120 to 275°C) and confirmed the
repeatability of the results with complete conversion achieved after about 5 to 10 min of hydrolysis reaction.
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Figure 8. NH; production during MgsN2 hydrolysis at 190°C: (a) evolution of NHs production rate as a function of

time, (b) cumulative NH; production as a function of time.

The magnesium nitride powder was characterized by XRD before and after hydrolysis at different temperatures in
order to identify the main phases after reaction and to compare them with the pristine material (Figure 9). The nitride
phase completely disappeared after reaction whatever the temperature (200°C or 270°C) and both MgO and
Mg(OH)2 were formed, which demonstrates the complete nitride conversion. The peaks related to MgO were higher
than those related to Mg(OH): at the highest temperature, which highlights the decomposition of Mg(OH)2 to MgO
with increasing temperature. Some ZrOz (tetragonal) from the felt support was also detected, as already mentioned
previously for the other materials.
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Figure 9. XRD patterns of magnesium nitride powders before and after hydrolysis at different temperatures.

EDX analysis of the powder hydrolyzed at 270°C was performed and the atomic composition is reported in Table
S5. No trace of nitrogen was detected, which confirms the complete nitride conversion. With a composition of
35.3%at Mg and 61.6%at O, the Mg/O ratio is 0.57, corresponding to an intermediate ratio between MgO and
Mg(OH)2 in agreement with the results of XRD analysis. Traces of zirconium are also detected corresponding to
the felt support.

Figure S17 shows SEM and EDX elemental mapping related to the atomic composition of the sample. The powder
is composed of Mg and O evenly distributed over the surface.

3.6 Titanium nitride (TiN)
Titanium nitride was considered for solar production of NH3, with the following hydrolysis reaction equation:

2TiN + 4H20 > 2TiO2 + 2NHs + H, AH®=-338.4 kJ/mol (27)

Titanium can also form oxy-nitride species of varying composition and stoichiometry, which can impact the overall
equation. Based on Eq. (27), the theoretical maximum production of NHsz is 16.1.10° mol/g. According to
thermodynamics (Fig. S18), the formation of NH3 is only predicted below 300°C because it decomposes at higher
temperatures, and secondary oxide and oxy-nitride minor phases are predicted at higher temperatures (above
~800°C).

Figure 10a shows the evolution of the NH3 production rate during TiN hydrolysis at 900°C, 970°C, and 1000°C.
Although the reaction was not thermodynamically favored at high temperatures, the peak production rate increased
with increasing temperature due to a kinetically-controlled reaction. The NH; production rate rose from 2.4.10+
mol/min/g at 900°C, to 3.4.10-3 mol/min/g at 1000°C. The reaction duration was short whatever the temperature
since NH3 production was completed in less than ~3-4 min, indicating fast kinetics. Other hydrolysis reactions
carried out at 250°C and 500°C did not produce NHs, which means that the temperature must be high enough to
obtain noticeable kinetics. Figure 10b shows the cumulative production of NH3 during TiN hydrolysis at different
temperatures. The NHs production increased significantly with temperature as it was 2.16 mmol/g at 900°C, 3.06
mmol/g at 970°C, and 4.05 mmol/g at 1000°C.
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Figure 10. NH; production during TiN hydrolysis at 900°C, 970°C and 1000°C: (a) evolution of NH3 production
rate as a function of time, (b) cumulative NHs production as a function of time.

XRD analysis of titanium nitride powders before and after hydrolysis at different temperatures was carried out
(Figure 11). TiO2 (rutile) was observed as the main phase after hydrolysis at each temperature considered. The
initial TIN phase was still detected at 900°C but remained in very low amount. The intensity of TiN peaks relative
to TiO2 decreased when temperature increased, confirming an improvement in reaction extent. ZrOx(t) from the felt
support was also detected, consistently with previous results.
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Figure 11. XRD patterns of TiN powders before and after hydrolysis at different temperatures.

EDX analysis of TiN powders hydrolyzed at 900°C, 970°C, and 1000°C was performed and Table S6 reports the
atomic compositions. The Ti/O ratio is 0.52 at 1000°C, corresponding approximately to TiO2 composition. No trace
of nitrogen was detected at any hydrolysis temperature, which means it is below the detection limit. The traces of
zirconium correspond to the felt support.

Figures S19-S21 show the SEM and EDX elemental mapping of powders hydrolyzed at 900, 930 and 1000°C,
confirming the homogeneous distribution of the Ti and O elements.

3.7 Zirconium nitride (ZrN)
The final material tested in this study of nitride hydrolysis for NHs production was zirconium nitride (ZrN).

2ZrN + 4H20 - 2NHs + 2ZrO; + H; AH®=-594.7 kJ/mol (28)

As for Ti, Zr can form oxy-nitrides which can modify the overall equation of the reaction. Based on Eq. (28), the
theoretical maximum production of NHs3 is 11.0.10-3 mol/g.

The NH;3 production profiles during ZrN hydrolysis were studied at 550°C, 620°C, 750°C, 820°C, 920°C, and
1000°C (Figures 12 and S22). An increase in the peak production rate was measured until it reached an optimum
at 750°C and decreased at higher temperatures (Table 1). The maximum NHs production rate at 750°C reached
34.2 mmol/min/g (767 mL/min/g), which was the highest reaction rate obtained among the nitrides tested. The
period of NH3 production was short, as the reaction was completed in less than about 2-3 min, except at the lowest
temperature of 550°C where the kinetics were much slower. Figure 12b reports the cumulative production of NH3
during ZrN hydrolysis at different temperatures, with an optimum at 750°C corresponding to a maximum NH;
production yield of 12.3 mmol/g (Fig. S23).

Table 1. Peak production rates and yields of NHs during ZrN hydrolysis at different temperatures.

Peak productionrate  Peak production rate Yield of NH3
(mmol/min/g) (mL/min/g) (mmollg)

550°C 0.50 113 79
620°C 17.6 3934 114
750°C 34.2 767.0 12.3
820°C 218 488.9 11.2
920°C 25.1 562.2 8.3
1000°C 15.7 352.9 2.1

1010°C 1.16 26.0 0.75
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593  XRD analysis of zirconium nitride powders before and after hydrolysis at different temperatures (Figure 13) shows
594  that ZrO2 (monoclinic and tetragonal) is the main phase after the reaction at any temperature. The intensity ratio of
595  peaks related to monoclinic ZrO: increases with temperature. The initial ZrN phase is still observed especially at
596  550°C and 620°C, and it disappears at higher temperatures, which confirms the enhanced hydrolysis extent when
597 increasing the temperature.
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Figure 13. XRD patterns of ZrN powders before and after hydrolysis at different temperatures.

EDX analysis of powders hydrolyzed at 620°C, 750°C, 820°C, and 920°C was performed and Table S7 reports
the atomic composition, confirming the overall ZrO2 composition after hydrolysis (Zr/O ratio of ~0.5). Some nitrogen
was always detected, except for the powder hydrolyzed at 750°C, in agreement with the maximum conversion
observed at this temperature.

Figures S24-S27 show the SEM and EDX elemental mapping of powders hydrolyzed at 620, 750, 820, and 920°C.
A homogeneous distribution of Zr, O and N is evidenced.

This study successfully demonstrated the production of ammonia from the hydrolysis of ZrN with fast rates and
optimum conversion at 750°C. The next step will focus on the solar regeneration of nitrides from ZrO- oxide.

4. Conclusion

The production of ammonia via two-step cycles relying on N2 and H20 as the only feedstocks is an attractive
approach, as it uses solar heat as the process energy input and additionally bypasses the use of Hz. Active materials
involved in such thermochemical cycles (metal oxide/nitride redox pairs) must be identified and optimized to
demonstrate the feasibility of the solar ammonia production process. A series of ten metal nitrides was
experimentally tested for ammonia production from nitrides hydrolysis. Iron (FeN), chromium (CrN), boron (BN),
and silicon (SisN4) nitrides gave no significant NHs production, and therefore cannot be considered as suitable
candidate materials for thermochemical ammonia production cycles. Among the considered nitrides, the most
attractive materials turned out to be AIN, LisN, CasNz2, MgsN2, TiN, and ZrN because they exhibit a noteworthy
reactivity during hydrolysis and a significant production of NHs. The influence of temperature was studied for each
material and proved to have a strong impact on the reaction conversion and the NHs yield. AIN hydrolysis occurred
significantly above 1000°C with maximum rates at 1200°C (0.16 mmol/min/g), but the NH3 yield remained moderate
(1.1 mmol/g) presumably due to decomposition at high temperatures. TiN and ZrN also required high temperatures
for NH3 production. A maximum NHs production rate of 3.4 mmol/min/g was measured at 1000°C for TiN (NH3 yield
of 4.1 mmol/g), while an optimum temperature of 750°C was revealed for ZrN yielding the highest NH3 production
rate of 34.2 mmol/min/g (NH; yield of 12.3 mmol/g). The hydrolysis reactions of LisN, CasN2, and MgsN2 were the
most exothermic and thus required low temperatures (around 200°C) to achieve complete conversion, with total
NHs yields of 5.9, 4.9, and 18.6 mmol/g, respectively. The hydrolysis rate of CasN2 and MgaN2 was slightly lower
than that of LizN, TiN, and ZrN.

This study thus demonstrated the feasibility of sustainable ammonia synthesis from a novel clean process ultimately
based on concentrated solar energy as the process heat source. Noteworthy ammonia production performance
was achieved with the identified metal nitrides. Thermochemical ammonia production based on nitrides cycles is a
suitable means for industrial process decarbonation. Future work will focus on the regeneration step of the metal
nitrides using concentrated solar energy at high temperatures. The most reactive nitrides were found to be LisN,
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CasN2, MgaN2, TiN and ZrN. The solar-driven nitridation reaction of the corresponding oxides (Li2O, Ca0O, MgO,
TiO2, and ZrO2) must therefore be characterized as a function of temperature and reducing agent to demonstrate
the complete cycles of nitride chemical looping for ammonia synthesis.
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