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Sustainable Ammonia Synthesis from Nitrogen and Water
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Abstract: Here, using nitrogen and water as raw materials, plasma-induced vibrational
excitation is found to decrease the N2 and H2O dissociation barriers, with the presence of
matched catalysts in the nonthermal plasma discharge reactor contributing significantly to
molecular dissociation on the catalyst surface. This work highlights the potential of
nonthermal plasma catalysis for the activation of renewable sources to serve as a new

platform for sustainable ammonia production.
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1. Introduction

Ammonia is one of our most important synthetic
chemicals. It sustains global food production and is a
potential carbon-free vector for storing and transporting
hydrogen.l 2 The Haber-Bosch (H-B) process (N, + 3H,
— 2NH3), which dominates ammonia synthesis, requires
high temperatures and pressures, an ultra-pure H feed, and
large centralized production plants to achieve economic
viability (Figure S3.1A). The hydrogen is currently almost
exclusively derived from the reforming of fossil
hydrocarbons, which results in annual CO; emissions of
300 MtBl ~15% of all greenhouse gas emissions.[l A
green alternative, for example, a process that enables
carbon-neutral and decentralized ammonia production
using water as the hydrogen feedstock and powered by
renewable energy sources, is urgently required. [ 6

Photochemical and electrochemical routes have been
devised for ammonia synthesis from N2 and H>O under
mild conditions.l”-*% The focus of these studies lies on the
suppression of the competing hydrogen evolution reaction
to improve selectivity toward N, reduction and/or the
design and selection of desirable catalysts to achieve the
goal. However, the electrons transferred to N2 molecules in
photocatalysis and electrocatalysis cannot provide
sufficient energy to break the strong N=N bonds (bond
energy of 945 kJ molt). As a result, the production rate of
ammonia is prohibitively low (Figure 3.1B).

Gas discharge plasmas with highly energetic electrons,
generated by applying electrical energy to a feeding gas,
are capable of activating inert N, molecules into more
reactive, vibrationally or electronically excited states to
promote dissociation of nitrogen molecules and thus
facilitate the breaking of ultra-stable N=N bonds.[* 1113
Typically, for non-thermal plasma (NTP), the energy
introduced mainly heats the electrons, creating a thermal
nonequilibrium, energy-efficient and highly reactive
environment suitable to couple with catalysts (termed
plasma-catalysis), allowing thermodynamically
unfavorable reactions to proceed under ambient
conditions.' 51 Also, similarly to electrocatalysis, NTP
can be powered by renewable electricity.l'®! NTP has
demonstrated encouraging yields of ammonia; however,

the hydrogen species in these reports comes from high-
purity Hy, which is obtained from cost-demanding
electrocatalytic hydrogen evolution reactions (HERS) or
carbon-intensive reforming processes.!*”- 18 Substitution of
H,O for H, is key to making NTP-enabled ammonia
synthesis sustainable. Understanding the molecular-level
mechanisms of the synergetic effects of plasma-catalyst
interactions for ammonia from N» and H,O is crucial for
next-step studies.

Recently, the plasma-electrochemical integrated systems
have been proposed as an alternative way for nitrogen
reduction using N> and H»O. In these systems, the plasma
is utilized for nitrogen activation to subsequently lower the
energy barrier to initiate electrochemical processes for
nitrogen fixation. One study of significant advance to our
study developed a continuous and scalable plasma-
electrochemical hybrid technology for sustainable and
facile production of ammonia via a NOx intermediary
approach, with a world-leading production rate of green
ammonia yielding 23.2 mg h* (3.95 g kWh).[l Sharma et
al. established a plasma-assisted electrochemical approach,
in which the hydrogen production (from water oxidation)
and nitrogen activation (by the low-pressure plasma at 500
<C) were separated, with an energy efficiency of 0.101 g
kwht 91 More recently, Muzammil et al. developed a
hybrid plasma-thermal catalytic system, combing a
plasma-enabled NOx production and a thermal catalysis
process, with a relatively high gas flow rate of N, (20 L
min) but a high energy efficiency (2.94 g kwh?).[2%
Nevertheless, the relative complexity of the systems and
some challenging process conditions (e.g., low pressure,
high temperature or high gas flow rate) may primarily
hinder the upscaling of this technology and bring some
inevitable environmental challenges.

In our study, we demonstrate a more straightforward
one-step process, where both the water dissociation and
nitrogen activation are driven by the atmospheric non-
thermal plasma under ambient pressure and temperature.
Experiments were performed for different reactor
configurations, catalysts, discharge powers and gas flow
rates with different H,O vapor saturations. An optimized
configuration of an advanced plasma reactor, packed with



a ruthenium (Ru) catalyst, was found to achieve an
ammonia production rate of 2.67 mmol ge* h. Using
spectroscopic and theoretical studies, we elucidate that the
high ammonia production is a result of the efficient
dissociative adsorption of H,O and vibrationally excited
N2(Vv) by the plasma-catalyst interactions, predominantly
through Eley-Rideal (E-R) reactions.
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Fig. 1. Plasma reactor designs and performance.

2.Results and Analysis
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Fig. 2. Catalyst evaluation for ammonia synthesis.

We begin by studying the effect of the plasma reactor
features on the ammonia production rates. Four different
reactor configurations (Figure S3.1) are developed: a
water-grounded double dielectric barrier discharge (W-
DDBD), water-grounded single dielectric barrier discharge
(W-DBD), double dielectric barrier discharge — water-
cooled (DDBD-W) and single dielectric barrier discharge
— water-cooled (DBD-W). The configuration markedly
affects the NH; synthesis performance (Figure 3.1C).
While the W-DDBD, W-DBD, DDBD-W reactors show

similar ammonia synthesis rates (7.0-9.0 umol h?), the
DBD-W using a copper foil sheet as the ground electrode
instead of water leads to a significant increase of the NH3
synthesis rate by a factor of ~10 (65.5 umol h). The
electrical characteristic measurement results (Figure S3.2)
show that DBD-W configuration provides a highly
enhanced current response, which leads to desirable
plasma conditions with a significantly increased electron
density and minimized NHj3 dissociation in the gas phase
by high energy electrons,’ in comparison to the other
three DBD reactors (Figure S3.3). Therefore, the
remaining studies are performed based on the DBD-W
reactor. We investigate the effect of the feeding gas flow
rates and the water vapor content on the NHz production in
the DBD-W system. Increasing the gas flow rate results in
an improved NH3 synthesis rate (Figure 3.1D): the rate
increasing from 1.53 to 65.4 pmol h* for gas flow rates
rising from 0.2 to 1.0 standard litre per minute (SLM), at
100% H-0 saturation. Higher H,O vapor contents also lead
to higher production rates of NHs.

To further improve the NHs production rate, a model Ru
catalyst — the most active metal catalyst in the H-B process
— is packed into the discharge area. Different oxides (i.e.,
Al;Os3, SiOz, MgO) were tested as supports. Catalyst
characterization results, including TEM, XPS, XRD and
NH3-TPD, are shown in Figure S3.4-S3.6 Compared to
other metal oxide supports (Al,O; and SiO,), MgO with
strong basicity enhances the N dissociation rate by
donating sufficient number of electrons to lower the
dissociation barrier and thereby improve the ammonia
synthesis rate, which is consistent with our results in Figure
3.2. In contrast, the Al,O3 packed case only produces a
relatively small amount of ammonia, possibly due to the
significantly lower electron density, which leads to a lower
concentration of active radicals, atoms and ions than the
other oxide cases (Figure S3.7 and S3.8). The competition
with N(s) hydrogenation by the strong interrupting effect
of surface-adsorbed oxygen species, and a slower
desorption of ammonia from the alumina surface because
of relatively strong binding are other possible reasons.??
NHs;-TPD measurement results (Figure S6B) show the high
density of strong acid sites on the Al.O; surface in
comparison to the other supports, leading to a slight
reduction of NHj3 yield.[?* % The presence of Ru supported
on these oxides, especially on MgO, markedly enhances
the synthesis rate to 2,661 pmol gear™ h (Figure 3.2A).
Electrical measurements of the DBD reactor coupled with
various catalysts show that the packing catalysts can
provide higher electron density and electron energy than
the plasma-only (N2/H20) case. All QV Lissajous Figures



(Figure S3.7) for various catalysts at the same input
conditions (Discharge voltage V,.p: 9.08 kV for MgO, 8.27
kV for SiO,, 7.86 kV for Al,03, 8.23 kV for Ru/MgO, 9.15
kV for Ru/SiO,, and 10.57 kV for Ru/Al,O3) show a
similar typical parallelogram shape, indicating that the
plasma properties do not change significantly using the
same electrode configuration, which is consistent with
other studies.?

The NHjs synthesis rate increases with the specific energy
input (SEI) (Figure 3.2B). SEI is adjusted by varying the
discharge power at a constant gas flow rate of 1.0 SLM.
Specifically, the NH3 synthesis rate increases from 2,050
t0 2,661 umol gear ™t h* when the SEI increases from 1.33
to 4.20 kJ Ltin the presence of the Ru/MgO catalyst.
However, the energy efficiency of ammonia synthesis
decreases with increasing SEI (Figure S3.9). This may be
attributed to the fact that increasing the SEI shifts the
electron energy distribution function to higher energies,
leading to an increased probability of ionization and
dissociation reactions, which consume much energy. The
lowest energy pathway is vibrational excitation of
molecules followed by dissociative adsorption on the
catalyst surface. The catalysts show a stable NH3
production rate over a 5-h period (Figure 3.2C), and the
main physicochemical properties of the catalysts remain
unchanged (Figure S3.4). The NH3; synthesis rate and the
energy efficiency of Ru/MgO remain constant over five
reuse cycles (Figure 3.2D), suggesting the long-term
stability of the catalysts under the N, and H,O reactions. A
further comparison of the physicochemical properties of
the fresh and spent catalysts, as determined by N.-BET and
XPS measurements (Figure S3.4 and S3.5), also suggests
that the reactions in plasma do not have a significant impact
on the catalyst structures and surfaces.

3.Summary
In summary, this work presents a plasma-catalysis

avenue that enables ambient ammonia synthesis directly
using renewable sources: N2, H,O and electricity.
Through process designs and computational studies on
catalytic activity, our innovation is leaping the
“unfavorable” reaction toward favorable ammonia
production. A high rate of ammonia production (2.67
mmol gear™? ht) has been demonstrated with a low
activation energy of dissociative adsorption of N, on the
catalyst surface, paving a new way for supplementing the
Haber-Bosch process. This progress in sustainable
ammonia synthesis only requiring nitrogen and water is
expected to set a new benchmark for sustainable ammonia

synthesis and to be a precursor to lead further innovation
in broad plasma catalysis research.
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