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Introduction

Green chemical pathway of plasma synthesis of
ammonia from nitrogen and water: a comparative
kinetic study with a N,/H, system+
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Sustainable ammonia synthesis under mild conditions that relies on renewable energy sources and feed-
stocks is globally sought to replace the current Haber—Bosch process. Electricity-driven plasma catalysis
is receiving increasing attention as a sustainable technology for the efficient synthesis of ammonia.
However, the current implementation of nonthermal plasma technology still faces several hurdles, par-
ticularly the extensive usage of energy-intensive H,, low energy efficiency and the lack of understanding
of the underlying mechanisms of the plasma catalysis process. Here we propose a green chemical
pathway of plasma catalysis from nitrogen and water for sustainable ammonia production. In order to
understand the different characteristics of the N,/H,O plasma system and seek further improvements in
ammonia synthesis, detailed plasma kinetics modelling is presented in comparison with the N,/H, system
at atmospheric pressure. The model includes both electron and vibrational kinetics and updated surface
reactions adapted from DFT calculation results on the SiO, surface. The facile dissociative adsorption of
H,O and the Eley—Rideal mechanisms are demonstrated to be important to enable efficient NHz pro-
duction as the experimental observation. The model reproduced the measured trends of ammonia pro-
duction on the different concentrations of H,O input and power density with reasonable accuracy and
provided an explanation of the critical influence of temperature and catalyst packing in the N,/H,O
system in comparison to the N,/H, system in relation to the quenching effect of H,O by vibrational-
translational relaxation.

role in agriculture and potential competence in the hydrogen
economy."? The well-established Haber-Bosch (H-B) process

Artificial fixation of naturally abundant nitrogen (N,) into
human-required ammonia (NH;) at a low cost is a key to sus-
taining the goal of carbon neutrality, as well as its dominant
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has already fed more than half of the global population for a
century, but still suffers from meeting the demands for a
green, decentralized, sustainable production of ammonia due
to its endogenous conditions of harsh temperature and
pressure (>150 bar; >450 °C) for driving the reaction forward.?
The multi-million-dollar of capital investment prior to manu-
facturing also limits its decentralized production to support
localized supplies, and the potential for developing essential
infrastructure for remote areas and communities." Among
various strategies to complement and substitute the current
H-B process, electrocatalysis and plasma-catalysis show prom-
ises to be integrated into renewable energy systems.>® Non-
thermal plasma systems have demonstrated efficient ammonia
production under ambient conditions due to the highly reac-
tive plasma species including high density electrons, ions,
electronically and vibrationally excited molecules, atoms and
radicals to circumvent significantly high energy requirements
for dissociation of triple covalent N, bonds (bond energy

This journal is © The Royal Society of Chemistry 2022
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946 kJ mol ™). In particular, it is worthwhile to note the poss-
ible important role of vibrationally excited N, molecules with
low threshold energy in plasma catalysis of ammonia to enable
the energy efficient reaction pathway of ammonia production
as reported by Mehta et al.” with its lowered activation energy
barrier for dissociative adsorption and other related surface
reactions.

Nevertheless, in general, the high energy consumption of
plasma catalysis is noticed as where the most work needs to be
done for improvement. As Sun et al.> demonstrated the signifi-
cant improvement in energy efficiency by combining with the
electrochemical process, this hybrid plasma and -electro-
chemical process may provide a breakthrough to reach a sat-
isfactory level of improvement both in energy consumption
and production yield of ammonia. In addition, as in the suc-
cessful example of NO, production by Vervloessem et al
(2022) with a record-low energy consumption of 0.42 MJ (mol
N)™', the application of pulse power may assist a significant
reduction of energy requirement in ammonia synthesis as
well by optimized vibrational-translational (V-T) non-equili-
brium at a low reduced electric field E/N, which enhances
the related chemical reaction but with minimized energy
input.®

Apart from these few approaches to increase energy
efficiency, seeking a different hydrogen source was our
primary research aim to investigate an effective solution for
green alternatives to the H-B process.

Various plasma types including microwave, radio frequency,
arc, glow, and dielectric barrier discharge (DBD) have been
used to provide improved production yield and energy
efficiency of ammonia synthesis, in which most of the reports
are based on the use of pure H, gas as a hydrogen source. Pure
H, gas is produced predominantly by using fossil fuels,
especially methane reforming but also from coal gasification
with an enormous amount of CO, emission.”'® Hydrogen syn-
thesis using electrolysis of water is possible and preferred
from an environmental point of view. However, it requires sig-
nificantly more energy and it is not considered to be feasible
to compete with methane reforming at least for the next
several decades.’

In addition, the hidden costs and environmental impact of
the N,/H, based ammonia process including purification,
transport, storage, distribution, and safety consideration of
highly combustible H, needs special attention.'?

Therefore, substituting H, with H,O as a hydrogen source
for green NH; production is considered to be more environ-
ment-friendly, energy-saving, and industrially desirable.’® A
N,/H,O system, therefore, can clearly demonstrate its own
benefits in comparison to the conventional approach based on
a N,/H, system. However, the production rate has been
reported to be significantly low when it was compared to the
result from N,/H, plasma catalysis."*™"”

Moreover, the detailed kinetic modelling of the N,/H,O
plasma system including surface reactions has not been pro-
vided except for a brief suggestion on the possible pathway as
described by Toth et al.."®
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Recently, we have reported plasma-catalytic NH; synthesis
based on a N,/H,O plasma system, achieving a NHj; pro-
duction rate of 65 pumol h™" without a catalyst and 266 pmol
h™" when Ru/MgO was used.'® The initial kinetic modelling
work was reported mostly focused on Ru/MgO at a short time
scale which has left a limitation to validate the measurement
results and explain the different characteristics of ammonia
synthesis in N,/H,O based plasma.'®

In this study, the updated diffusion coefficient of gas
species in a N,/H,O system and surface reaction data set based
on DFT calculations have been implemented to explain
ammonia synthesis in a concurrent reduction and oxidation
environment in gas volume and on the surface. In addition, a
new concept of dissociative adsorption of N, is introduced to
be able to adapt the activation energy value from DFT calcu-
lation. The underlying mechanisms of NH; production in the
N,/H,O system are analysed and compared with the N,/H,
system, and an efficient pathway to generate surface adsorbed
H(aq) from a limited H,O supply is demonstrated. The under-
pinning mechanism of the improved production rate and
energy efficiency is discussed in relation to the critical impor-
tance of high gas temperature and catalyst packing in the N,/
H,0 system as an alternative process solution for the viable
plasma synthesis of ammonia.

Plasma OD kinetic modelling and DFT
calculation

The zero-dimensional plasma kinetic solver ZDPlaskin'® was
used to perform plasma chemistry modelling in order to
understand different mechanisms of ammonia production in
a N,/H,O plasma system in comparison to the conventional
N,/H, system. The set of reaction equations related to N, and
H,O interactions written in the format as shown in eqn (1)
is to be converted and merged into coupled differential
equations with a component of production and loss reactions
of individual species i as shown in eqn (2)."°

aA + bB — d'A + cC (1)
d[N,} _ jmax
g = 2K ()
=

where K, = (a — a')Kj, Ky = —bK;, K. = cK;, K; = k[A]’[B]’, N; is
the density of species i, and k; is the reaction coefficient of
reaction (1).

The coupled differential equation (eqn (2)) is solved com-
bined with the Boltzmann equation solver BOLSIG+>*?" pro-
viding the electron energy distribution and electron involved
reaction rate such as attachment, excitation, ionization and a
part of dissociation. In this model 77 gas and surface species
are included with 1258 electron interactions, and gas phase and
surface reactions as a summarized update from the previous
N,/H, model?*** in Table 1 and Tables S1, S2 in the ESLf

Green Chem., 2022, 24, 7458-7468 | 7459


https://doi.org/10.1039/d2gc02299k

Published on 03 September 2022. Downloaded by Western Sydney University on 3/16/2023 6:55:21 AM.

Paper

Table 1 Gas phase and surface adsorbed species considered in the N,/
H>0 plasma model

Ground-state molecules
and radicals

NZ, Hzov HZy 027 O3y NO» NOZ) NO37 Nzof
NH,, HNO, HNO,, HNO;, H,0,, HO,, Os,
NH, NH,, OH

Vibrationally excited No(v;, i = 1-8), HyO(v;, i = 1-3), Hy(vy, § = 1-3)

molecules

Electronically excited N,(A3), N,(B3), N,(a'1), N»(C3), H,(B3),
molecules H,(B1), Hy(C3), Hy(A3), Hy(R)

Atoms N, N(2D), N(2P), H, O

Tons N+v N2+7 N3+v N4+y H20+y O+y 02+) H+) H2+y
H;*, OH', NH', N,H", NH,", NH;", NH,",
H,0,0,,NH', N,H', NH,", NH;", NH,"
Surf, Had), Nad), O(ad)y NH(ad), NHa(ad),
NH3(ad)y OH(aq)

Surface-adsorbed species

Dissociative adsorption of H,O and the further surface reactions
related to water and oxygen are included and examined.

For this study, the diffusion coefficient D was recalculated
using the first level of approximation by the Chapman-Enskog
method for an approximate solution of the Boltzmann
equation®® in contrast to the same approximated diffusion
coefficient applied for different gas phase nitrogen and hydro-
gen species in a previous N,/H, model as 7.9 x 107> m* s™* at
300 K and 1 atm. The collision integral data for interactions
between N, and species containing nitrogen, hydrogen and
oxygen are taken from Murphy (2012)*° for N,, H,, N, H, NH;
and NH, and Murphy (1995)*® for NO, NO, and N,O. The
updated binary diffusion coefficient against a majority of N,
molecules is provided based on this collision integral data in
Table S3.f The temperature dependence on the calculated
diffusion coefficient was considered proportional to T°* for
different gas temperature conditions in the model.

One of the most important improvements in our kinetic
model is the description of dissociative adsorption. As noted in
the introduction, there is a lack of understanding about the
surface reaction under plasma catalysis with only a simplified
interpretation of surface reaction probability. In particular, on a
non-catalytic dielectric material, it is even worse often based on
pure assumption.”® Now with the availability of activation energy
for the dissociation of nitrogen molecules from DFT calculation,
the dissociative adsorption reaction is dealt as a two-step
process: surface adsorption of molecules and the following event
of dissociation on the surface as illustrated in Fig. 1. Accordingly,
the reaction coefficient k}; .4 is updated from eqn (3) to eqn (4)
which is suggested as the product of the reaction coefficient of
adsorption kg, and dissociation k;,_g; >”*® as shown below.

A V22—~ Yaes)]
- em 057 = | o2 fadslp g 2 3
diss.ads. | ] |:D + A DYy ' ?

* —6 —17 __
kdiss.ads[cm S ]*kads *ki—u

v {Az Lrae- yads)] 7lexp(f(Ed +Ea)>ST,2

o Z 3 A I;yads kB Tw

(4)

Further DFT simulations have been performed to obtain
the specific activation energy values for different steps of the
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Fig. 1 (a) lllustration of the suggested two-step model for dissociative
adsorption of N, and H,O molecules and (b) previous model with repre-
sentative sticking probability only where N,* is for representing the
higher contribution from the excited state of N, including vibrationally
excited states N (X,v;).

hydrogenation reaction on the SiO, structure. The structural
relaxation and electronic structure calculations were per-
formed using the CASTEP module with the GGA and PBE func-
tions in the Materials Studio package.>**° The exchange-corre-
lation function is based on pseudo-potential-based plane-wave
DFT and generalized gradient approximation as described by
Perdew-Burke-Ernzerhof (GGA-PBE). The convergence criteria
for energy, maximum force, stress, and energy cut-off were set
at 2 x 10™° eV per atom, 0.05 eV A™', 0.1 GPa and 380 &V,
respectively.

A density mixing electronic minimizer with a mixing
scheme of Pulay was used and the convergence criteria for a
self-consistent field (SCF) was set as 1.0 x 10~ €V per atom.
The Brillouin zone was sampled by a k point of 2 x 2 x 1.
Moreover, the transition states (TSs) are searched by means of
the complete linear synchronous transit/quadratic synchro-
nous transit (LST/QST) method for reactions,’® and the conver-
gence criterion for root-mean-square force on an atom is
below 0.25 eV A™.** To calculate the adsorption energy and
energy barrier, a two-layer Si0,(001) slab with a p(2 x 2) super-
cell containing 72 atoms was built and the impact of spin
polarization was also considered due to the possible impact on
the transition state of the reactions. The influence of spin
polarization inclusion is discussed in detail in the ESIL.f The
atoms on the bottom two layers (36 atoms) are fixed in their
optimized bulk coordinates, while the top two layers of the
slab and the adsorbates are allowed to relax.

Avacuum of 12 A along the Z-direction was applied to avoid
interactions between periodic images. The adsorption energy
(Eaqs) is defined as follows:

Eads = Eadsorbate/slab - Eadsorbate - Eslab (5)

where E,gsorbate/siab 1S the total energy of the slab together with
the adsorbate, Eaqsorbate iS the total energy of the isolated

This journal is © The Royal Society of Chemistry 2022
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adsorbate obtained in a 10 x 10 x 10 A cubic cell, and Eg,p, is
the total energy of the bare slab.

Experimental

The experimental results of NH; production from a N,/H,O
system were taken from Zhang and Zhou et al.'® using a single
dielectric layer DBD configuration indicated as DBD-W. Here,
as a comparison, NH; synthesis from a N,/H, system was per-
formed using the same reactor without catalyst packing under
the same conditions, with a gas gap of 1 mm, applied peak
voltage of 6.3(+ 0.2) kV, and frequency of 33(+ 0.3) kHz. The
input H, gas concentration was set to 2.0 vol% to allow com-
parison with approximately 2 vol%. of H,O used in the N,/H,O
system.

The total flow rate was 1 L min~". The produced NH; was
collected in water and the concentration was estimated using
the Nessler’s reagent method, as in Zhang and Zhou et al.'®
Five measurements were taken over 2 min and the average
value was used for comparison with modelling results.

Results and discussion
Gas phase and surface adsorbed species in a N,/H,0 system

In order to simulate a high flow rate (1 L min™"), the plasma
on time was limited to 0.06 s with approximately 1 em?® dis-
charge volume. The reduced electric field of 82.3 Td was
obtained from measurements as described in previous work."®
The initial estimate of electron number density was 1.16 x 10°
cm™’, obtained using the QV Lissajous plot method as
reported."® However, in order to match the same level of power
density, a factor of 3.1 was multiplied and the modified value
of 3.6 x 10° cm ™ was used as the spatially and temporally aver-
aged electron density in the model for the nominal conditions
of the empty reactor without a catalyst. This was justified by
the good agreement between our previous N,/H, model using
averaged input parameters and van‘t Veer et al. which investi-
gated the role of filamentary microdischarges and their
afterglows.**

This is understandable considering the fact that ammonia
is produced predominantly by surface reactions. The kinetic
model showed the calculated density of NH; as 6.88 x 10"
cm ™ at 0.06 s as shown in Fig. 2(a), which corresponds to the
production rate of 68.5 pmol h™' which is close to the
measurement of 65 pmol h™" (ref. 18) of the production rate of
NHj; at the given plasma conditions.

In the experimental measurement, no NO, was detected.
Instead, N,O was observed as the main N,O, product in our
N,/H,O system at the given range of plasma conditions with
significantly high number density than produced NH;.'® As in
the experimental observation, NO, species was calculated as in
a low number density while the estimated number density of
N,O (4.6 x 10" em™, 46 ymol h™") showed a large gap from
the measurements of over 570 pmol h™. Considering the fact

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Density profile of important species (a) in the gas phase and (b)
on the surface where the residence time in plasma discharge is 0.06 s,
constant E/N is 82.3 Td, n. is 3.6 x 10° cm™ and T is 500 K (assumed).

that N,O was collected in the gas phase from a remote plasma
area distant from the active discharge volume, a significantly
high production rate of N,O can be attributed to the recombi-
nation reaction between nitrogen, oxygen and NO, species
and/or a highly exothermic reaction between NH; and NO.** It
is important to be aware of the possible environmental impact
of N,O as a highly effective greenhouse gas and ozone-deplet-
ing substance,**?°
possible conversion or utilization in order to provide a more

and hence it is necessary to examine its

practical and viable green alternative to ammonia processing
based on N,/H,0 plasma.

Firstly, further oxidation of N,O to convert into NO, species
in the subsidiary plasma module in an oxygen rich environ-
ment can be considered as a primary option as already
suggested in our previous study.'® More importantly, the inter-
esting partial oxidation function of N,O is worthwhile to note.
Direct oxidation of benzene to phenol is a simple example of
this type of reaction where the oxidation with O, cannot be
accomplished by leading to the destruction of the aromatic
ring and low phenol selectivity. In contrast, significantly high
specificity of N,O was found, and it is considered to be related
to a particular state of anion radical oxygen species O™, (called
a-oxygen), which forms on the a-sites from N,O, but not poss-
ible from 0,.>” Various different substrates includes alkanes,
cycloalkanes, alkenes and aromatics have been investigated
and the surface analysis results showed that the interaction
with O, in all tested cases enabled the selective formation of

Green Chem., 2022, 24, 7458-7468 | 7461
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hydroxylated products, revealing a remarkable potential of
N,O as a selective oxidant.*®3° As recent important progress, it
is reported that the insertion of N,O into a Ni-C bond of the
Ni catalyst enabled to deliver phenols with benign N, even at
room temperature and 1.5-2 bar of N,O conditions.*

N,O has also been found to be equally important in homo-
geneous solution chemistry, including selective oxidation of
highly reactive compounds such as disilenes or low-valent
metallocenes and the synthesis of complex organometallic
molecules as nitrogen donors.**

These potential revenues from N,O and the possible high
conversion rate of N,O into NO, seem to be positive evidence
for continuing to develop this ammonia synthesis based on
N,/H,O0 plasma to a further matured level of a green alternative
and/or a complement process to the H-B process in the near
future. A detailed discussion on the possible mechanism of
N,O production and loss in discharge volume and remote
plasma region is provided in the ESL.f However, further inves-
tigation may require in order to validate these assumptions.

In addition to the density profile of the important gas
species, as shown in Fig. 2(b), it is also important to note that
in the N,/H,O plasma system, H,q) and OH(,q) are the predo-
minant species on the surface as it is considered to be gener-
ated mostly by dissociative adsorption of water. The details
will be discussed in the following section.

Underlying mechanism of ammonia production in a N,/H,O0
system

In order to gain an insight into how this NH; production pro-
ceeds in a N,/H,O system, the important production and loss
mechanisms were analysed using the graphical interface
program QTPlaskin.** As shown in Fig. 3(a), NH; can be pro-
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duced mostly by Eley-Rideal (E-R) interactions between the
surface adsorbed NH,(,q) species and the hydrogen atoms and
molecules which are predominantly generated by electron dis-
sociation of H,O and recombination of adsorbed H,q) by gas
phase H atoms.

For the loss mechanism of NHj, the adsorption of the pro-
duced NH; back to the surface appears to be the predominant
reaction. However, the facile desorption of NH; at a given wall
temperature T,, of 473 K maintains the balance and supports
the enhanced production of ammonia added to the major E-R
interaction with hydrogen species. New loss channels of
ammonia by atomic oxygen and OH radicals are found to be
important next to the dissociation by electrons in the N,/H,0O
system.

The important intermediate species NHpq shown in
Fig. 3(b) is mainly produced by E-R interactions between
atomic nitrogen N and surface adsorbed hydrogen H,q) or H
atoms and N,q) species on the surface. In this study, directly
relevant activation energy values were introduced using
DFT calculation for all hydrogenation steps of Langmuir-
Hinshelwood (L-H) interaction and also dissociative adsorp-
tion of N, on the SiO, surface as shown in Fig. 4 and Table 2.

The DFT calculation result suggested that co-adsorption of
N(aq) and H(,q) in the adjacent site is not available.

Hence, the L-H interaction between H(,q) and Ni,q) is not
available on the SiO, surface while the E-R interaction of gas
phase hydrogen with surface adsorbed Ni,q is to be strongly
preferred due to the strong electronegativity of the N atom.
That means, once the N atom is bonded with the catalyst
surface, the gaseous H atom can be easily captured by N(,q)
rather than the neighbouring SiO, support. This new finding
confirms the hypothesis on the important role of the E-R

(a)

H,(v) + NH(oq)

1
H + NH, + N, - MR

H + NHyp) > NH;

NHy(oq) > NH; + Surf

H; + NH(.g) > NH;

(b)

H; = 2H(q)

H,0(V) -> OH o4 + Haq)

H,0 - OH{yg) + Hiag)

t 'v . r ™ ™ r T t T v
10 10% 108 10® 10%  10®  10*  10Y  10* 10° 10" 0% 107

Production rate [cm3s?]

10

Production rate [cms]

10% 10 107 10® 10°  g0% 108 10®  10%  10®  10* 107 10%

Production rate [cm>s]

+H, 1

(ad)

3

EELPEXT P —

LN Surf > Ny

100 10%  10% 10® 10®  10% 10* 10¥
Loss rate [cm3s]

7 g0 10 10" 10" 10"

Fig. 3
0.06s, E/N is 82.3 Td, ne is 3.6 x 10° cm™ and T is 500 K (assumed).
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Important reaction mechanism for the production and loss of (a) NHz (b) NH(,4) and (c) H(,g) where the residence time in plasma discharge is
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Fig. 4 DFT calculation result of the hydrogenation and dehydrogena-
tion of NH,(,q) and desorption of NHzq).

Table 2 Summary of updated surface reactions from DFT calculations
for the SiO, surface in comparison to Ru/MgO

Activation energy E,/desorption
energy for NH;

Updated surface reactions SiO, Ru/MgO

N, + 2Surf — ZN(ad)

H,0 + 2Surf — OH(ad) + H[ad)
N(ad] + H(ad] - NH(ad]

NH(ad] + H(ad] — NHz(ad]
NHj(aq) + H(ad) = NHj(aq)
NHB(ad] b d NH3 (AH)

7 eV (ref. 18)

0.487 eV (ref. 43)
N/A [this study]
2.32 eV [this study]
3.46 €V [this study]
0.55 eV [this study]

1.07 eV (ref. 18)
0.5 eV (ref. 44)
0.96 €V (ref. 18)
1.67 eV (ref. 18)
2.06 €V (ref. 18)
0.9 eV (ref. 18)

interaction to proceed with further hydrogenation of NH,(,q)
species in the N,/H,O system similar to N,/H, plasma.>**>*
Not only do the H atoms have higher density in the discharge
volume in comparison to nitrogen or oxygen atoms [Fig. 2(a)],
but it is also worthwhile to note that the characteristics of fast
thermal velocity and high diffusion coefficient of hydrogen
[Table S3t] are one of the important contributing factors to
enable higher surface reaction rates, such as for adsorption
and the subsequent E-R mechanism, than those related to the
N or O atom. These findings will be important to shed light on
understanding the possible underlying mechanism of plasma
synthesis of ammonia from nitrogen and water without the
assistance of a catalyst where SiO, is one of the common
reactor wall materials for various atmospheric pressure plasma
applications.

The surface adsorbed NH(,q) forms NH,(,q) by interaction
with gas-phase H atoms or directly produces NH; by reacting
with ground-state and vibrationally excited H, molecules
which is indicated as an important precursor to produce NHj3.

The use of H,O was expected to interrupt the efficient
reduction of nitrogen due to possible competing oxidation pro-
cesses to produce N,O, and HNO, species. However, the rela-
tively low activation energy for the dissociation of water on
SiO, resulted in preserving the high density of Hp,q) on the
surface which is an important precursor to initiate NH(,q) to

This journal is © The Royal Society of Chemistry 2022
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proceed further with hydrogenation to complete NH; pro-
duction in spite of limited supply of the hydrogen source.

The dissociative adsorption coefficients of molecules are
calculated according to the newly suggested two-step model
with a recently updated activation energy barrier E, being
higher than 7 eV (ref. 18) which suggests predominant N(,q)
formation by atomic nitrogen on a non-catalytic SiO, surface.
Fig. S4 and Table S71 show this correction in overestimated
N(g) by the N, molecule, particularly in the early stage and it
resulted in a 1.2% decrease in NH; production in comparison
to the conventional method of treating dissociative adsorption
in the model while the rest of the gas and surface species
remain the same.

Validation of the kinetic model with measurement results

In order to validate the model, a series of calculations has
been performed as a function of electron densities or power
densities and residence time within the discharge and H,O
content as shown in Fig. 5. To understand the influence of
power and electron density on NH; synthesis, a different elec-
tron number density has been tested ranging from 1.2 x 10° to
4.5 x 10° cm™® when the corresponding power density
increases from 18 W ecm™ to 73 W ¢cm ™. Fig. 5(a) shows an
overall increase in the number density of reactive gas phase
species due to increased power and electron density. The
number density of ammonia increased 4.5 times from 1.9 x
10" em™ to 8.6 x 10" ecm ™ when the power density increased
by a factor of 4. The increased density of atomic species of N,
H and O and the radical NH and OH are expected since the
main production mechanism of these atoms is by the electron
interaction. NO, and N,O were also influenced by the
increased electron density. Under oxygen ‘deficient’ conditions
with a low water content, NO, production appears to be
limited to relatively low concentrations, with higher N,O pro-
duction instead.

As shown in Fig. 5(d), the measured maximum energy
efficiency was 0.018 g kW h™" at a specific energy input (SEI)
of 1.33(+ 0.15) kJ L ™" and decreased at higher SEIs up to 4 kJ
L% The average energy efficiency across the SEI range was
0.016 g kW h™" with a small deviation (+ 0.001 g kW h™"),
while the predicted value by the model showed a small
increase as the SEI increases. This difference may be caused by
the assumption of the constant reduced electric field E/N and
electron density 7, input conditions adapted for our modelling
work. As was reported in our previous study,'® the measured
current waveform includes very short time conduction current
pulses. It may indicate that high density plasma with high
instant electron density n.(¢) is possible for that short time
duration which can sustain high density reactive species to
enable efficient ammonia production at low average power.

Fig. 5(b) shows the different production rates of each
different gas species over residence time in the plasma dis-
charge. Atomic species appears to be the predominant species
at the early stage as expected and later smaller molecules such
as NO shows a significantly increased production rate, fol-
lowed by larger molecules such as NH; and N,O.
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Fig. 5 Influence of electron density and power (a) and (b), residence time within the plasma (c) and (d) and concentration of H,O (e) and (f) on
ammonia production in N»/H,O plasma. (b), (d) and (f) shows the validation result with experimental data on the estimated ammonia concentration,
where the E/N of 82.3 Td and T, of 500 K were kept the same. H,0, 2 vol% average; electron density n, 3.6 X 10° cm™3 and residence time, 0.06 s.

The experimental results indicated that changing the flow
rate, and hence the residence time in the plasma, affected the
production rate of ammonia.'® The measured ammonia pro-
duction rate was the highest at a maximum flow rate of 1 L
min~'. On the other hand, the model predicted that the
maximum production rate occurs at around 0.16 s, which
corresponds to a flow rate of approximately 0.4 L min™" in
Fig. 5(e). At high electron density and/or electron energy, the
production rate profile curve can shift to the earlier time
range. The fact that we have used the averaged electron density
instead of a much higher instant electron density input can be
the reason to shift the production rate profile to the longer
residence time region in the model similar to what we have
discussed on SEI dependence.

In the N,/H,O system, the amount of supplied H,O is the
most important governing factor. As the concentration of H,O
increases, Fig. 5(c) shows increasing H and OH as expected yet
decreasing the atomic N and O number density.

The measurement results showed an increase in the pro-
duction rate of NH; from 31 to 65 pmol h™" as the saturated
H,0 pressure increases from 5%(0.1 vol%) to 100%(2.3 vol%)
at 300 K and the calculated result showed a good agreement
from 36 to 68 pmol h™" in Fig. 5(f).

At an input H,O of 3 vol%, the estimated density of NH;
showed a 1.5% increase in comparison to the nominal con-
dition used in this model with 2 vol% H,O input.
Hypothetically, further increased H,O content may provide
more hydrogen sources, yet it can lead to significantly
decreased ammonia density. It is possibly because of
quenched vibrationally excited N,(v) molecules which result in
a lowered energy gain of electrons and power density as well as

7464 | Green Chem., 2022, 24, 7458-7468

reduced atomic nitrogen density as discussed in detail in
section 6 in the ESL. T

Through the high rate of energy exchange with electrons
and effective further excitation, dissociation and ionization,
the role of vibrationally excited molecules is known to be sig-
nificant in plasma discharges, especially under low-tempera-
ture atmospheric pressure plasma conditions.””
worthwhile to note the importance of N,(v)""*® regarding the
enhanced surface reaction rate for ammonia production and
the discussion on the similar quenching effect of H,O in CO,
conversion application.**™>!

The influence of H,O through Vibrational-Translational
(V-T) relaxation in the N,/H,O plasma system is confirmed in
this study as shown in Fig. S5 and Tables S8, 9.f With and
without V-T relaxation of N,(v) by H,O considered, the
vibrational distribution function of N,(v) shows significant
differences. It is found that the addition of H,O causes signifi-
cantly decreased electron energy and overall reactive gas
species density as well as an almost 3 times decrease in the
production rate of ammonia at T, 500 K mainly through V-T
relaxation. It stresses the critical importance of V-T interaction
in N,/H,O plasma and explains fundamental differences from
ammonia production in the N,/H, system regarding the influ-
ence on the electron energy and plasma density of the given
system.

It is also

Comparison of ammonia synthesis with the N,/H, system

Using the same DBD reactor, an ammonia synthesis experi-
ment was performed with N,/H, (0.98:0.02) at the same input
power. The average production rate of NH; was 400(+ 45) pmol
h™', which is approximately 6 times that in the N,/H,O system.

This journal is © The Royal Society of Chemistry 2022
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91 Td and power density, 70 W, based on the measurement results).

As shown in Fig. 6(a), the model predicted a 2.4 times higher
production rate as 936 umol h™" for N,/H, input conditions.
Fig. 6(a) also includes the influence of gas temperature which
is even more critical in the N,/H,O system than in the N,/H,
system.*> This is considered to be because of the crucial
impact of V-T relaxation of N,(v) by H,O and its strong depen-
dence on the gas temperature. Fig. S51 shows at a higher
temperature of 500 K, the population of high-lying vibration-
ally excited states maintain a higher level in comparison to a
lower temperature of 300 K due to the improved imbalance
between excitation and de-excitation of Ny(v) by H,O.
Therefore, in the plasma system including interactions with
H,0, the high gas temperature is favourable for maintaining
the high density of high-lying N,(v) species, which then
enables maintaining the high electron energy distribution and
power density via efficient energy exchange of N,(v) with
electrons.

In the N,/H, system, the enhancement of ammonia pro-
duction with increased temperature was attributed to improved
NH; desorption and increased availability of active sites for
nitrogen adsorption in order to realize the balanced surface
reaction. However, in this updated N,/H,O model, particularly
for non-catalytic silica-like surfaces, E-R interactions play a
leading role, as we have discussed. Due to the negligible con-

This journal is © The Royal Society of Chemistry 2022

tribution from L-H interactions, even with highly saturated
H(aq) and OH(,q) on the surface, the high reaction rate of the
E-R mechanism enables a considerable amount of ammonia
production similar to the measurement results.

In our previous work, it was demonstrated that by introdu-
cing an effective catalyst such as Ru/MgO it was possible to
enhance the production rate of ammonia by a factor of 4 due
to the high reactivity including a significantly low activation
energy for the dissociation of N, of 1.07 eV.'"® As shown in
Fig. 6(a), the modelling result with Ru/MgO surface properties
supports the observation by generating 5 times increased
ammonia number density under similar measurement con-
ditions of 91 Td at 67.4 W em™>, It is important to stress that
this significant increase by catalyst packing has not been
reported in the N,/H, system either in experimental or model-
ling results which often show increased production at best by
approximately a factor of two in comparison to empty reactor
conditions without a catalyst.>>*® The -characteristics of
decreased electron energy distribution by V-T relaxation of
Ny(v) by H,O explain the even further impact of reactive
surface properties for efficient ammonia production in the N,/
H,0 plasma system. From the experiment, increased reduced
electric field E/N and power density were observed by Ru/MgO
catalyst packing as 91.0 Td, 68.5(x 3.5) W. With the same
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plasma parameters, the calculated NH; density showed only a
factor of 3 increase to 204 pmol h™'. Therefore, the further
increase is due to enhanced plasma properties which is a com-
monly observed augmentation effect in plasma catalysis.

As shown in Fig. 6(b), the N,/H, system can produce higher
densities of atomic N and H sustaining high electron energy
without prohibiting the oxidation process in order to generate
high density NH; molecules. With the same surface properties
applied, in the N,/H, system, the important production and
loss mechanisms appear to be similar except for the loss
mechanisms related to O and OH species. An increased E-R
interaction between H, and NHg,q), particularly significant
increase from vibrationally excited H,(v), is noticeable in the
N,/H, system.

It is possibly because apart from electron excitation, V-V’
interaction with N,(v) is one of the important excitation chan-
nels of Hy(v).

Summary of the suggested mechanism of ammonia synthesis
in the N,/H,0 plasma system

As illustrated in Fig. 7, based on the results presented in
earlier sections, the important reaction pathway can be sum-
marized as follows:
1. Dissociation of N, and H,O molecules by electrons
N, +e—2N+e, H,O+e—-H-+OH+e
2. Direct surface adsorption

N + Surf — N(ad)a H + Surf — H(ad)

NH; + Surf — NHj3(aq)

3. Dissociative surface adsorption of H,O

H,0 + 2Surf — Haq) + OH(aq)
4. E-R interaction to form the intermediate NH(q)
N+ H(yq) — NHaa), H -+ NH(yq) — NHy(q)
5. E-R interaction to produce NH;

H, + NH(yq) — NH3, H + NHy(sq) — NH;

e T,
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6. Recombination by the E-R mechanism

H+ OH(ad) — Hz()7 H+ H(ad) - Hz

7. Desorption of surface adsorbed NHj(,q)

NHS(ad) — NHj3 + Surf

8. Additional loss reaction of NH; from N,/H,

9. Oxidation reaction of nitrogen species
Ny* +0, - N,O+0O, N*+0, —»NO+O

where ‘Surf indicates the available empty active sites on the
surface and the number of identified reactions is the same as
in Fig. 7.

Electrons are crucial to provide dissociated atomic N and H
species and initiate ammonia production, particularly with
non-catalytic surfaces such as SiO, considered in this study.
Direct adsorption of N and H is important to initiate further
surface reactions. In contrast, gas-phase NH; also can be lost
by surface adsorption. However, since this is balanced by
efficient desorption at higher temperatures, it need not impact
the whole process negatively. While the probability of N(,q) for-
mation through dissociative adsorption is ruled out in this
work, H,q) is produced from the direct dissociation of water.
Predominant E-R interactions explain the subsequent hydro-
genation of N(yq) and the production of a NH; molecule under
the surface conditions for which L-H interactions are limited.
Surface-adsorbed species can leave the surface by the recombi-
nation process. Recombination of OH(yq) and H,q) showed the
highest reaction rate. As expected, in the N,/H,O system,
additional dissociation pathways of NH; are possible by OH
radicals or oxygen atoms in addition to the main loss mecha-
nism by electrons as known from the N,/H, Kkinetic
model‘23,27,46

Fig. 7 Illustration of the suggested important pathway of ammonia production in N,/H;O.

7466 | Green Chem., 2022, 24, 7458-7468
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Conclusions

Combined with DFT simulation, detailed chemical kinetic
modelling of a N,/H,O atmospheric-pressure plasma system
has been performed to assist in understanding the important
mechanism of plasma catalytic production of ammonia from
nitrogen and water. The treatment of the dissociative adsorp-
tion reactions has been improved by taking the calculated acti-
vation energy into account. The study has focused on SiO, sur-
faces, which are common reactor materials, in order to clearly
elucidate the reactions, including in comparison to the N,/H,
system, without the complexity of the catalytic material.

As expected from the high activation energies, the model
showed neither dissociative adsorption of N, nor stepwise L-H
interactions of N(uq) or NH,(q) which are chemical pathways
for plasma synthesis of ammonia on non-catalytic surfaces.

A comparison of the predictions of the model with measure-
ments showed differences in the input energy and the residence
time dependence. A possible reason for treating the model with
averaged constant plasma properties was discussed, which
requires further consideration on applying time-dependent
plasma parameters. However, the modelling results on the
influence of power and H,O concentration showed a good agree-
ment, which suggests that this updated model of the N,/H,O
system captures the important gas-phase and surface reactions.

Ammonia production is known to have a significant depen-
dence on the surface reactivity, temperature and plasma con-
ditions from different N,/H, models. The same is also confirmed
in the N,/H,O based system. However, the measurement'® and
the calculated modelling result suggest that it is even more
crucial and has a far greater impact on N,/H,O plasma.
Considering the important role of vibrationally excited N,(v) in
exchanging energy with electrons and possibly enhanced chemi-
cal reactions including surface reactions, sustaining high gas
temperature assisted with an optimized catalyst is suggested to be
crucial to circumvent the inherent disadvantage of the quenching
effect by H,O molecules in the N,/H,O plasma system and maxi-
mize the production rate of ammonia at a reasonable energy cost.
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